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PREFACE 


In the past few years the field of electronics has expanded at a phenom¬ 
enal pace, and predictions are that it will continue to grow at an acceler¬ 
ated rate for some time to come. Although the field of electronics was 
already quite large before the war, the enormous development program 
carried on during the war years has produced many new applications of 
electronics and has opened this field to possibilities of astounding propor¬ 
tions. Electronic principles are employed in all branches of communica¬ 
tions, such as telephone, telegraph, radio, television, facsimile, radar, 
shoran, loran, teleran, and sonar. Applications of electronic principles 
are also found in various branches of scientific research, many branches of 
therapeutics, and a wide variety of industrial manufacturing processes. 
There is scarcely an industry that does not today employ some electronic 
device as a process control or safety device in the manufacture of its 
products. 

Although the circuits used in the many applications of electronics are 
quite diversified and complex they all have two points in common: 
(1) They employ the basic circuit elements such as resistors, inductors, 
capacitors, and vacuum tubes. (2) They employ one or more of the 
basic circuit applications of these basic circuit elements. Therefore, in 
order to understand the many complex circuits used in electronics, it is 
necessary to have a thorough knowledge of the basic circuit elements and 
their basic circuit applications. With this knowledge as a backgroimd it 
is then only necessary to study the new circuit element and its circuit 
applications in order to understand the operation of any complex circuit 
that may be used in television, radar, industrial control, etc. 

The purpose of this text is to present, at an intermediate level, a com¬ 
prehensive study of the principles of operation of vacuum tubes, their 
basic circuits, and the application of these circuits to low-frequency radio¬ 
receiver applications. A chapter on test equipment and test procedures 
as applied to receiver circuits and a chapter on transmitters are also 
included in the text to provide an introductory knowledge to these sub¬ 
jects. A review of the operating characteristics and circuit applications 
of resistors, inductors, and capacitors as used in electronic circuits is 
presented in Chap. II. For a more thorough treatment of the subject 
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matter covered in Chap. II, the reader is referred to the authors^ text 
Electrical Essentials of Radio. 

This book is intended for; (1) students studying radio or electronics in 
a high school, trade school, vocational school, technical school, or junior 
college; (2) persons not attending any regular school but who wish to 
study the subject on an intermediate level. This book is also intended to 
provide the background necessary for further study of electronics in fields 
such as the high-frequency and ultrahigh-frequency circuit applications 
which require as a prerequisite a knowledge of the basic detector, ampli¬ 
fier, oscillator, and rectifier circuits for low-frequency applications as 
presented in this text. 

The following features, not ordinarily found in any one book, have 
been incorporated in this text. 

1. A minimum knowledge of mathematics is required. Most of the 
mathematics involves the use of only addition, subtraction, multiplica¬ 
tion, division, and square root. The use of equations and vectors and 
plotting and interpretation of curves are explained in the text. 

2. Examples are used throughout the book to illustrate the applica¬ 
tions of the equations and principles discussed in the text. All except a 
few minor equations are followed by an illustrative example. The values 
used in the examples have been carefully selected and represent actual 
practical values. Examples of complex as well as simple circuits are 
illustrated for d-c circuits, a-c circuits, and vacuum-tube circuits. 

3. Letter symbols, abbreviations, and drawing symbols used for 
circuit diagrams have been selected wherever possible to conform to those 
adopted or recommended by the IRE, RMA, or ASA. 

4. The principle of operation of the various circuit elements and the 
analysis of the operation of electric and vacuum-tube circuits are explained 
according to the electron theory except in a few instances where it is more 
practical to refer to current flow. 

5. In recognition of the value of visual instruction, drawings are used 
to illustrate each principle as it is presented. As many of the important 
features of the parts used in electricity and radio cannot be readily shown 
by diagrams, numerous photographs of actual commercial products 
appear throughout the text. 

6. The operation of the circuits used to perform each of the basic 
functions of a vacuum tube, namely, detection, amplification, oscillation, 
and rectification, is explained in great detail in order to illustrate the 
purpose and action of each circuit element in the composite circuit. In 
the explanation of the operation of these circuits a wide variety of tube 
types has been employed so that the tube types for specific applications 
conform to those used in practical circuits. 
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7. The 18 appendixes provide sufficient reference data so that all of 
the problems in the book may be solved without the necessity of using 
any additional references. The appendix illustrating the drawing sym¬ 
bols, together with a picture or diagram of the circuit element that it 
represents, contains 100 items and is the most extensive listing of symbols 
the authors have found in any one source. Preparing this appendix 
involved considerable research in order to have these symbols conform to 
recognized standards as far as possible. In view of the fact that different 
organizations sometimes use different symbols to represent the same 
object and that no universally recognized standards have been adopted 
for many of these symbols, the task of preparing this appendix has been 
difficult. The appendix of letter symbols and at)breviations is also very 
extensive and the same difficulties encountered with the drawing symbols 
were met and were solved in a similar manner. The appendix of equa¬ 
tions generally used in radio and electronics is compiled from the body of 
the text and to facilitate cross reference between this appendix and the 
text the equation numbers corresponding to their location in the body of 
the text have been included with the appendix listing. The appendixes 
on tube characteristics contain sufficient information to solve all of the 
problems in the text without the aid of a tube manual thereby providing 
an adequate source of data at all future times regardless of changes in the 
tube manuals. 

8. A bibliography of reference materials is provided at the end of 
each chapter to direct the reader’s attention to supplementary reading 
material. A composite bibliography of all the individual cliapter bibliog¬ 
raphies, together with several additional references, is iiKjluded as 
Appendix 17. 

9. As an aid to the instructor and a challenge to the more interested 
student, there are numerous questions and problems at the end of the 
chapters. The values used in the problems have been carefully selected 
and represent actual practical values. 

Numerous industrial organizations have been of great assistance in 
providing illustrations and technical information regarding their products, 
and this service is gratefully acknowledged. These organizations are 
Advance Electric Company; Aerovox Corporation; Allied Radio Corpora¬ 
tion; American Phenolic Corporation; American Telephone and Tele¬ 
graph Company; Amperite Company; Bliley Electric Company; Brown¬ 
ing Laboratories, Inc.; Brush Development Company; The Electric 
Storage Battery Company; Electro Dynamic Works; Federal Telephone 
and Radio Corporation; General Electric Company; The Hammarlund 
Manufacturing Company, Inc.; The Hickok Electrical Instrument Com¬ 
pany; Insuline Corporation of America; International Resistance Com- 
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pany; Jensen Radio Manufacturing Company; P. R. Mallory & Com¬ 
pany, Inc.; Meissner Manufacturing Division, Maguire Industries, Inc.; 
National Carbon Company, Inc.; National Company, Inc.; Ohmito 
Manufacturing Company; Philco Corporation; Radio News; Radio 
Corporation of America; Shure Brothers, Inc.; Solar Mfg. Corp.; Standard 
Transformer Corporation; Thordarson Electric Manufacturing Division, 
Maguire Industries, Inc.; Trimm Manufacturing Company, Inc.; Western 
Electric Company; Westinghouse Electric & Manufacturing Company; 
Weston Electrical Instrument Corporation. 

The authors wish to express their appreciation to Beverly Dudley, 
formerly of the editorial staff of Electronics, for the careful Heading of the 
manuscript and for his helpful criticisms concerning the technical phase's 
of the manuscript, and to B. B. Bauer, chief engineer of Shure Brothers, 
for his helpful suggestions concerning microphone ratings. It is a pleas¬ 
ure for the authors to express their gratitude to Mrs. William Ostc^rheld 
for her care in typing the manuscript and for other helpful assistance that 
she rendered. 

Morris Slurzberg 

William Osterheld 
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CHAPTER I 

INTRODUCTION TO RADIO 

Much of the progress in civilization may be attributed to man's 
ability to communicate with his fellow men and thereby transmit his 
thoughts to them. The progress of civilization and the means of com¬ 
munication quite naturally have advanced at about the same pace. 
Radio is the newest and most modem means of communication, and in 
one manner or another it affects the lives of hundreds of millifins of 
people. 

Radio is a branch of a new field of science called electronics. Elec¬ 
tronics has enabled scientists to develop means of examining the germ 
structure of bacteria and to see through fog and the utter blackness of 
night. It is used to detect poisons, to guarantee food values, to control 
manufacturing processes, and to protect life and property. Electronics 
has opened a new field to science and should result in many developments 
that will contribute to a better world. 

1-1. Forms of Communication. Man’s chief means of communica¬ 
tion are the senses of sight and hearing. These are commonly referred 
to as the audible and visible means of communication. Each method has 
been used since the early stages of civilization and each is still used 
extensively. 

Visual Means of Communication. The sense of sight has long been 
useful to man, first as a means of warning him of approaching dangers 
and later to enable him to receive messages in written form. There are 
numerous examples illustrating the progress of the visible methods of 
communication, such as the hieroglyphics of the ancient Egyptians, the 
smoke signals of the American Indians, printed matter such as news¬ 
papers, books, etc., photography, motion pictures, and television. 

Audible Means of Communicodion. The sense of hearing also has 
been used for communication throu^ many stages of civilization. It, 
too, served to warn man of approaching dangers long before the develop¬ 
ment of modem communication systems. As civilization progressed, 
the audible methods of communication went throu^ numerous stages as 
illustrated by the development of languages to convey thoughts, the 
development of devices such as the telegraph, telephone, wireless, and 
radio to transnut messages over greater distances, and the development 
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of devices such as the phonograph and sound motion pictures to make it 
possible to keep a record of the message. 

1-2. History of Radio Communication. Basic Electrical Principles. 
Through consistent research and experimentation many scientists have 
contributed to the development of radio communication. Credit for the 
invention of radio can go to no one person as was given Morse for the 
telegraph, Bell for the telephone, and Marconi for wireless telegraphy. 
Its development has taken years, and many men have made important 
contributions. A brief history of radio progress can, therefore, be out¬ 
lined by presenting the names of these scientists and the contributions 
they have made. 

In 1865, James Clerk Maxwell, utilizing the electrical and magnetic 
experiments developed by Michael Faraday and Hans Christian Oersted, 
proposed the following theories: (1) that light waves were electromag¬ 
netic in character; (2) that a charge of electricity moving through space 
constitute^d an electric current as well as a charge moving in the wires of 
an electric circuit; (3) that a magnet moving in space generated an elec¬ 
tromotive force in the space around it. 

In 1888, Heinrich Hertz proved by direct experiments that the pre¬ 
dictions made by Maxwell were true. Hertz made a very careful study 
of electric waves and found not only that they move Avith the same speed 
as light, but that they behave in the same manner as do light waves in 
every way except that they cannot be seen by the human eye. While 
the waves of visible light are so short that from 30,000 to 60,000 are 
required to equal the space of one inch, the electric waves were dis¬ 
covered by Hertz to have lengths ranging from several inches to several 
miles. 

Wireless. In 1895, Marconi invented the aerial, and he was able to 
increase the distance by which electric waves could be projected into 
space. To increase the energy of transmission, antenna structures were 
made very large and high voltages were used. The early commercial 
transmitters were of the spark type, utilizing the charge and discharge 
of a capacitor through an oscillator circuit containing a spark gap, which 
was inductively coupled to the antenna circuit and in resonance with it. 
The principle of inductive coupling and the resonance between various 
parts of the transmitting circuit was discovered by Sir Oliver Lodge. 
Following the spark system of transmission the continuous-wave method 
was used, and during this time the Poulsen arc and the Alexanderson and 
Goldschmidt alternators came into use. For detection at the receiving 
end of the radio system, the coherer and the crystal detector were gen¬ 
erally used. 

Radio. The transmission of voice, music, etc., through space was 
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originally referred to as radiotelephony but it is now called radio. Its 
development and advancement are due largely to the introduction and 
development of the vacuum tube. Engineers working on transcontinen¬ 
tal wired-telephone systems began using vacuum tubes in these telephone 
circuits about 1912. Use of these tubes resulted in rapid developments, 
and by 1915 engineers of the Bell System were able to transmit voice 
messages by wireless telephone from Washington to Paris, and from 



Fig. 1-1. —Evolution from the early DeForest tube to the modern vacuum tubes of more 
complex structure. {Courtesy of RCA Manufacturtng Co., Inc.) 


Washington to Hawaii nearly 5,000 miles away. Several radio broad¬ 
casting stations were operated on an experimental basis before 1920, but 
it was not until 1920 that broadcast of regularly scheduled programs was 
introduced by station KDKA of Pittsburgh. Commercial broadcast radio 
receivers were first introduced in 1921. By 1922 radio had advanced to 
the stage of broadcasting events originating outside of the studio, such 
as band concerts, football games, etc. Continuous improvements in the 
quality of broadcasting and the introduction of station networks have 
aided in the further development of radio. 


4 


ESSENTIALS OF RADIO 


[Art. 1-3 


1-3. Development of the Vacuum Tube. Development of Basic 
Principles. Although much of the progress in the development and 
applications of vacuum tubes has been made during the past twenty 
years, the basic principles upon which all vacuum tubes operate were 
established during the latter half of the nineteenth century. A study of 
the electrical conductivity of gases was started in 1853 by Alexander 
Becquerel. From his experiments he came to certain conclusions as to 
the conductivity of gases. Although these conclusions were later refuted 
by Gustav Wiedemann, they were confirmed in 1881 by Ren6 Blondlot. 

Thomas Edison used these principles to develop his incandescent 
lamp. His first commercially practical lamp was made in 1879. Four 
years later, while conducting experiments to perfect the lamp, he noticed 
that, if a second electrode, in the form of a wire or plate, was placed 
inside the lamp and this electrode made positive with respect to one end 
of the filament, a small current flowed to this electrode when the filament 
was heated. This effect is called the Edison effect. Apparently the only 
use that Edison could imagine for such a device was as an indicator of 
voltage variations in a lighting circuit; hence in his application for a 
patent in 1883 he refers to the lamp as an electrical indicator. 

The Fleming Valve. The news of the Edison effect aroused interest 
throughout the scientific world. Sir William Preece, who was particu¬ 
larly interested in this phenomenon, persuaded Edison to give him one of 
these experimental lamps and proceeded to make quantitative measure¬ 
ments of the Edison effect. Experiments with the incandescent lamp 
were also being conducted at this time by Prof. J. A. Fleming, an elec¬ 
trical adviser to the Edison Electric Light Company of London. In one 
of his earlier experiments Fleming showed that if the cold electrode is 
heated to incandescence an electric current may be made to flow through 
the vacuum by use of an external battery. In continuing the quantita¬ 
tive measurements made by Sir William Preece, Fleming produced a 
curve showing the relation between the voltage across the lamp and the 
current flowing through the vacuum. He also proved that a unidirec¬ 
tional current would flow in the cold electrode circuit even if an alternat¬ 
ing current were used to heat the filament. 

In his search for a means of rectifying high-frequency alternating 
currents, Fleming utilized the principles of the Edison effect and devel¬ 
oped what he referred to as an oscillation valve. In England, vacuum 
tubes are still referred to as valves. In the application for a United 
States patent, he calls this device an instrument for converting alternat¬ 
ing electric currents into continuous currents. 

Factors Affecting the Electron Emission. Between 1899 and 1901 
Prof. J. J. Thomson, the discoverer of the electron, and Prof. O. W. 
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Richardson carried on scientific research to determine the relation 
between the amount of heat, material used, and the electron emission 
resulting when a material was heated in vacuum. From these experi¬ 
ments Prof. Richardson was able to formulate the fundamental laws of 
electron emission from heated materials in vacuum. These laws have 





Fia. 1-2.—Dr. Irving Langmuir, Sir Joseph John Thomson, and Dr. William D. 
Coolidge at the General Electric laboratories when Thomson, the famous discoverer of the 
electron, visited America in 1923. {Courtesy of General Electric Company,) 

served as a basis for determining the materials to be used as the electron 
emitter and the temperature required to obtain the desired electron flow. 

The Audion. As the Fleming valve served to rectify high-frequency 
alternating currents, and therefore could be used as a detector, it provided 
the means needed for further advancement in wireless commtmication. 
This valve acted only as a rectifier and could not be used as an amplifying 
device, which is one of the most important uses of vacuum tubes. About 
1906, Dr. Lee De Forest introduced a new vacuum tube, to which he 
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added a third electrode, called a grid. By means of this grid he was able 
to control the amount of electron flow; thus the tube could now be used 
as either a detector or an amplifier. This tube was called an audion 
and constituted a considerable advance over earlier forms of radio 
detectors. 

The exact manner in which this tube functioned was not known until 
about 1912, when Dr. Irving Langmuir demonstrated that the output 
of a vacuum tube was dependent on the following factors: (1) the electron 
emission, which is controlled by the current flowing in the filament; 
(2) the voltage applied to the plate; (3) the grid voltage; (4) the spacing 
between the electrodes. 

Modem Vacuum Tubes. Improvements to the vacuum tube were 
accelerated by further study and experimentation carried on by numerous 
scientists and led to the modern vacuum tube. Some of the improve¬ 
ments are: (1) high-vacuum tubes, which permit high voltages to be 
applied to the plate; (2) better materials for the electron emitter; (3) 
heaters for a-c operation; (4) the beam power tube, for control of direction 
of the flow of electrons; (5) new elements, such as the screen grid and the 
suppressor grid; (6) multi-purpose tubes, which makes it possible for one 
tube to take the place of two or more tubes; (7) new types of construc¬ 
tion,' such as metal, single-end, loktal, bantam, miniature, and acorn 
tubes; (8) special-purpose tubes, such as voltage regulators, electron- 
ray indicators, controls for relay and sweep circuits, cathode-ray tubes, 
photo tubes, and television tubes. 

1-4. Development of the Radio Circuit. In addition to the improve¬ 
ment of the vacuum tube, many other changes, additions, and methods 
of connecting the various parts of radio transmitters and receivers have 
taken place during the past thirty years. 

Radio Circuits. In 1914, Maj. E. H. Armstrong obtained a patent 
on the regenerative circuit, also known as a feedback or self-hderodyning 
circuit. In 1924, Louis Alton Hazeltine gave the world his tuned-radio¬ 
frequency method of amplification and the principle of neutralization of 
the capacitance of coils. Hartley, Colpitts, and Meissner made varia¬ 
tions in the oscillator circuit that is used in all superheterodyne receivers 
and in all transmitter circuits. The constant-current system of plate 
modulation as developed by Heising is the method most conuuonly used 
by transmitting stations. 

The circuits developed by these men constituted a conaderable 
advancement in radio design and were quite complex when compared to 
the ample crystal-detector circuits. In comparison to the radio circuit 
as used in modem receivers, however, they are simple. Although most 
commercial receivers use either the superheterodyne or tuned-radio- 
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frequency circuit, their only resemblance to the fundamental circuits as 
developed by Armstrong and Hazeltine is in the basic principle involved. 
Numerous changes and additions to these circuits, such as ganged tuning, 
band switching, automatic volume control, power detectors, filter circuits, 
etc., were contributed by a countless number of men, and these changes 
are responsible for the great difference between the basic and modem 
circuits. 

Circuit Elements, During the time all these changes were being made 
in the vacuum-tube and radio-circuit design, constant improvements 
were also being made in the resistors, capacitors, and inductors used in 
the radio circuits in order to improve their operating eflSciency. Elec¬ 
trolytic capacitors, carbon-type variable controls, powdered-iron-core 
radio-frequency coils, ganged variable capacitors, and midget variable 
capacitors are but a few of these improvements. As in the case of the 
vacuum tube and the radio circuit, these improvements represent the 
efforts of many individuals in the various industries and research labora¬ 
tories throughout the world. 

Further Circuit Improvements. In the early stages of radio, all trans¬ 
mitters used what is known as amplitude modulation. With this method 
undesired noises, such as static, were amplified in the same proportion as 
were the desired signals. If the original strength of the undesired signals 
represented a moderate proportion of the signal strength of a desired 
station, the reception of signals from this station would be very noisy. 

Major Armstrong, in seeking a way to eliminate static, decided that 
some method of modulating the signal must be used for which nature had 
no duplicate. His method of f-m, or frequency modulation, is the result, 
and it has revolutionized the field of radio communication. It is now 
possible to hear entertainment over the radio without being disturbed by 
the annoying noises made by static. 

1~6. Other Applications of Electronics. The principles of electronics 
and vacuum tubes are used for applications other than those of radio 
communication. These uses may be divided into the following four 
classifications: (1) television; (2) industry; (3) instruments; (4) 
therapeutics. These four subjects represent large fields of application 
and books can be written about each field. For this reason these subjects 
will be treated very briefly in this text. 

Television. This branch of communication deals with the transmis¬ 
sion and reception of visual images at a distance. As the word radio has 
become synonymous with the communication of audible soimds, television 
is used to represent the communication of visual signals. This 
subject deals with the study of lenses, light, electronic scanning, the 
iconoscope or electric eye of the television camera, and the kinescope. 
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corresponding to the loudspeaker of a radio receiver. In addition, all 
the basic principles of electric circuits—resonance, amplification, etc.— 
that are used in radio receivers and transmitters are also used in television 
apparatus. 

Industrial Applications. The applications of electronics and vacuum 
tubes to industry are many and varied. The basic circuits of many of 
these applications are similar to those used in radio, the only difference 
being the use to which they are put. For example, the principles of 



Fig. 1-3.—View of a television program being televised {Courtesy of General Electric 

Company ) 


resonance are used to control the thickness, quality, weight, and moisture 
content of a material. Amplifier circuits are used to increase the inten¬ 
sity of weak current impulses produced by phototubes and cause them to 
operate relays controlling circuits of door openers, lighting systems, 
power systems, safety devices, etc. 

Principles other than those common to radio are also used, such as 
stroboscopic lighting, which can cause fast-moving objects to appear 
motionless or make their movements appear similar to the slow motion 
of motion pictures. By means of this principle it is possible to study the 
movements of various parts of a machine imder their operating conditions. 
It is also used for hi^-speed photography applications in order to arrest 
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the motion of fast-moving objects Phototubes and photo cells are used 
to control lighting, open doors, operate protective devices, etc. 

These are but a few of the many applications of the principles of elec¬ 
tronics to industry. Fuither developments indicate that many new 
applications of electronics will result in numerous additional uses. 

Instruments, The principles of electronics have made it possible to 
measure quantities that up to now have been impossible to measure. 



Fig. 1-4. —Photoelectric safety control. The light is reflected across the front and 
returned to the phototube by means of two mirrors shown in the foreground of the equip¬ 
ment. {Courtesy of RCA Manufacturing Co , Inc ) 


The vacuum-tube voltmeter, cathode-ray oscillograph, resonant circuit 
checkers, and signal generators are but a few of the many new types of 
instruments that have become synonymous with radio and electronics. 
The use of these instruments has become as valuable for checking elec¬ 
tronic circuits as the ammeter and voltmeter are for checking electric 
circuits. 

Therapeutics, Medical doctors and scientists in the field of thera¬ 
peutics, which is the treatment of diseases, are constantly finding new 
uses for the principles of electronics to aid in treating and preventing 
physical ailments. Their instruments include: (1) X rays, which are used 
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for treatment of skin disorders and acute infections as well as for taking 
pictures of internal structures; (2) ultraviolet lamps for arresting harmful 
mold and bacteria; (3) short-wave diathermy units for healing sprains 
and fractures; (4) electro-cardiographs for measuring heartbeats; (5) 
inductotherm units used to generate artificial fever; (6) oscillographs for 
illustrating muscle actions. These are but a few of the many applications 
of electronics that are being used in the field of therapeutics. 



Fia. 1-6 —A patient under treatment with the 1,000,000-volt X-ray therapy unit in OBi 
of the nation’s large hospitals. {Cowtwy of General Electric Company,) 


1-6. Sound. Radio is a means of sending information through space 
from one point to another. The information may be either a sound wave 
produced by the voice or some musical instrument, or a wave so inter¬ 
rupted that it is broken into a combination of long and short groups that 
correspond to the characters of the Morse code. Therefore, radio is 
nothing more than the sending out or receiving of sound through space 
from one point to another, without any wires connecting the two points. 
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It is therefore essential to know something about sound and sound waves 
before studying the principles of radio. 

Sound is the sensation produced in the brain by sound waves. It 
makes use of one of our five fundamental senses, namely, that of hearing. 
The air in a room in which no sound is present is in a static condition; 
in other words, it is motionless. If a sound is made by a person, by a 
musical instrument, or by any other means, the air about it is set into 
vibration. When these vibrations strike the eardrum of any person, the 
eardrum too ^vill vibrate in a similar manner The auditory nerves will 
be stimulated and vill communicate the sensation of sound to the brain. 
These air vibrations are called sound w(wes, Sound waves are produced 



by the mechanical vibration of any material in an elastic medium. 
For example, the vibration of the reeds in a harmonica, the skin on a 
drum, the strings on a violin, or the cone of a radio loudspeaker will all 
send out various sound waves. These waves will produce different 
sounds, depending on the number of vibrations that the wave makes per 
second. The number of complete waves or vibrations created per 
second is known as the frequency of the sound and is generally expressed 
as the number of cycles per second. For example, a sound wave making 
2000 vibrations per second would be the same as 2000 cycles per second, 
and it is said that the sound wave is producing 2000 cycles. 

If the sound is loud enough to be heard by the human ear, it is said to 
be audible. Its pitch will vary with the frequency. High frequencies 
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produce sounds having a high pitch and low frequencies produce sounds 
of low pitch. 

1-7. Frequency Ranges of Sound Waves. The range of frequencies 
that the human ear is capable of hearing will vary with the individual, 
the lower limit being approximately 20 cycles and the upper limit 20,000 
cycles. Some persons are able to hear the low-pitch sounds but cannot 
hear those of high pitch, while others can hear the high-pitch sounds but 
cannot hear those of low pitch, and there are people who are able to hear 
sounds covering a wide range of frequencies. 

Below is a list of a few common audible sounds and their approximate 
frequency range. 


Human voice 

Piano. 

Violin. 

Trombone..., 

Clarinet. 

Flute. 

Piccolo. 


75-3000 cycles 
25-8000 cycles 
200-3000 cycles 
100- 500 cycles 
150-1500 cycles 
250-2300 cycles 
50Q-4500 cycles 


Code signals may be sent at any audio frequency, but experience has 
shown that a signal having a frequency of 1000 cycles will produce a 
pleasing sound that can be continually listened to easily and that will per¬ 
mit each dit, dah, or space to be quickly distinguished. 

The frequency range of sound waves, commonly taken as 20 to 20,000 
cycles, is at the lower end of the wave spectrum (see Fig. 1-9). Sound 
waves usually are capable of traveling only comparatively short distances 
and travel at the rate of approximately 1130 feet per second. In order 
for sounds to be carried through air over long distances, the sound waves 
are converted into electrical waves of corresponding frequencies and 
applied to a high-frequency carrier wave by modem radio transmitting 
stations. 

Sound waves may also be referred to in terms of the length of a wave. 
Figure 1-8 illustrates a tuning fork producing sound waves whose fre¬ 
quency is 256 cycles per second. At this frequency one cycle is completed 
in second, and, since sound waves travel at approximately 1130 feet 
per second, the length of one wave may easily be calculated. 

Example 1-1. The frequency range of a piano is from 25 to 8000 cycles, (o) What 
is the range of wavelengths in feet? (6) In meters? (c) If the sound waves are con¬ 
verted to electrical waves by a microphone, what is the frequency range of the electric 
currents? 


Given: Find: 

Sound waves ■■ 25-8000 cycles (a) Wavelengths, feet ■■ ? 

(5) Wavelengths, meters ■■ ? 

(c) Frequency range of electric currents >■ ? 
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(a) 


(b) 


(c) 


Wavelength, 25 cycles = j 5 !lP 5 L 8 econd 
cycles per second 

feet per second 
cycles per second 
Note: 1 meter = 39.37 inches = 3.28 feet 
wavelength, feet 
3.28 


Wavelength, 8000 cycles 


Wavelength, 25 cycles 


mo 

25 
11 ^ 
" 8000 

45.2 
3.28 “ 


45.2 feet 
0.14125 foot 


13.7 meters 


Wavelength, 8000 cycles - - 0.043 meter 

25 to 8000 cycles (same frequencies as the sound waves) 


1-8. Radio Waves. Radio transmitting stations convert sound 
waves to electrical impulses. The electrical impulses that represent the 
original sound waves are sent out by 
the use of high-frequency alternating 
currents. These currents produce 
magnetic and electric fields that 
radiate in all directions over long 
distances without losing much of 
their original strength. The mag¬ 
netic and electric fields produced by 
this means are called radio wca)es. 

The strength and frequency of the 
radio wave is dependent on the high- 
frequency alternating current produc¬ 
ing it, and, therefore, it wall vary in 
the same manner as the alternating 
current. 

An a-c wave (see Fig. 1-7) reverses its direction at fixed intervals, and 
during each interval the current will rise from zero to its maximum value, 
then diminish to zero. By referring to this figure it can be seen that an 
a-c wave completes one cycle after it has made two alternations, one in 
the positive direction and one in the negative direction. The fixed 
interval required for each alternation is 180 degrees, and for one cycle or 
two alternations it would be 360 degrees. J is a symbol used to denote 
current and nuix an abbreviation of the word maximum. Juiw would, 
therefore, mean the maximiun amount of current flow; from Fig. 1-7 this 
would occur at every 90- and 270-degree instant of an alternating-current 
cycle. 

1-9. Wavelengthi Frequency. Speed of Radio Waves. Radio waves 
travel at the same speed as light waves, or 186,000 mil^ per second. In 
radio calculations the metric system is used, and it is desirable to express 
the speed of radio waves in meters per second. 



Fig. 1-7.—An a-c wave. 
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Example 1-2. If radio waves travel at the rate of 186,000 miles per second, what 
is their rate in meters per second? Note: One meter is equal to 39.37 inches; also, 
one mile is equal to 5280 feet. 

Given: 

Miles per second = 186,000 
Feet per mile = 5280 
Inches per meter = 39.37 

Solution: 

,, ^ , inches per second 

Meters per second =-^"37- 

_ 186,000 X 5280 X 12 
39.37 

^ 300,000,000 

Note: ^ means is approximately equal to (see Appendix II). 

Wa/oelength and Frequency Definitions. Wavelength. The distance 
that the radio wave travels in one cycle is called its wavelength; it is 



expressed in meters and is often represented by the symbol X, a letter of 
the Greek alphabet pronounced lambda. 

Frequency. The number of cycles per second of a radio wave is 
called its frequency and is generally represented by the letter /. In radio 
work it is common practice to refer to the frequency as its number of 
cycles instead of cycles per second. This is merely an abbreviation and 
it should be remembered that it really means cycles per second. 

Waodength and Frequency Calculaiiona. Wavelength. If the 
frequency of a wave is known, it is possible to calculate the distance 


Find: 

Meters per second =» ? 
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traveled in one cycle by means of the equation 

^ _ 300,000,000 

X- - 

where X = wavelength, meters 

/ = frequency, cycles per second 


( 1 - 1 ) 


Example 1-3. What is the length of a radio wave whose frequency is 570,000 
cycles? 


Given: 

/ « 570,000 cycles 

Solution: 


Find: 

X - ? 


300,000,000 

/ 


300,000,000 

570,000 


= 526.3 meters 


Kilocycles. The frequencies of the common radio waves are of 
high values, that is, in the hundreds of thousands or millions of cycles per 
second. For convenience these frequencies are generally expressed in 
kilocycles or megacycles and abbreviated as kc and me respectively. 
KilO‘ is a prefix meaning thousand; hence a kilocycle is equal to 1000 
cycles. Recalling the abbreviation referred to above, one kilocycle 
actually means 1000 cycles per second. Mega- is a prefix meaning 
million; hence a megacycle is equal to 1,000,000 cycles. Additional 
information on multiple units and the use of exponents is given in Appen¬ 
dixes III and IV. 

When radio frequencies are expressed in kilocycles, Eq. (1-1) becomes 


300,000 

/ 


(1-2) 


where X = wavelength, meters 
/ = frequency, kilocycles 

Example 1-4. What is the wavelength of radio station WMCA, which operates 
on a frequency of 570 kc? 


Solution: 


Given: 

/ * 570 kc 


Find: 

X = ? 


300,000 _ 300,000 
/ 570 


526.3 meters 


Frequency. Equation (1-2) can be transposed to solve for frequency 
instead of wavelength, and becomes 


/= 


300,000 

X 


(1-3) 
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FREQUENCY Sx/O'^mc. 10''^ Cm WAVELENGTH 


ZxIO'^mc. 


1 

1 

1 

1 

1 

Cosmfc rays 
iO^'^cm. i 

\ 

1 SxtO'^mc. 


j 

6xl0''°cm. 1 

Gamma rays 
emifted from radium 

1 

1 

1 ISxIO^^mc 


1 

1 

j 

ZxtO'^cm. 1 

2.SxlO'°mc. 


i 

1 

X-rays 

1 

1 

• 

I.ZxlO^cm i 

k 

l/l'fra 3x10^me. 


1 

lO'^cm. \ 

LSxIO^mc 


2x10'^ cm 1 

i 7.5x10^me. 


4xiO~^om Limits of 

3.75xl0>mc 


BxIO-^cm. human vismn 

k 

1 

1 

Infra-red 

or 

iSxIO^mc 


f 

Zx/Or^cm 

i 7.5 X10^ me. 

1 

4x10’^ cm. 

400me. 

J 

1 

1 

♦ 

1 

1 

Experimental 

0.7S meters i 

^ IC^mc. 

• 

Hertzian 

waves 

1 

\ 

Goyernment-T^/rcraft 
Police- Television 

2.8Z meters 

frequency 
moau/ation 68 me 

1 

\ 

% 

3A! meters k 

^ 44 me. 

1 

6.82 meters Television 

Ship to ^hore-aircraft-amerfeur- 
potice-fdreign-governmenfpofnf 
to point' experimental 
^ \ leOOkc. 

4 1 

Short 1 
waves 1 

f 1 

t 1 

t 

t67,Smeters h 

SSOkc. 

1 

$45.45meters ^^Sc^^nd 

- ^ - 

Sovemment-commercial-maritfme 
ship to shore^aircraffpointtopoim 
high power goyemment,and 
commeraaliran$<Keank^^mniceftw 

1 

1 

• 

« 

1 

i 

1 

1 

1 


^ t Dkc.^ 


30x 10^meters Range of human 

lOcvdes 


earsensifiv/fy 



t 


Fie. 1-9.—Edetioa of frequency sod wavelength of various waves. 
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Example 1-5. If by definition a short radio wave is one whose wavelength does 
Aiot exceed 200 meters, what is the lowest frequency at which a short-wave radio 
receiver may operate? 


Solution: 


Given; 

X “ 200 meters 

. ^ 300,000 
^ ~ X 


300,000 

200 


Find; 

/-? 


1500 kc 


From Eq. (1-3) it can be seen that the greater the length of the radio 
wave the lower its frequency Avill be, and conversely the shorter a radio 
wave is the higher its frequency will be. By applying this thought to 
Example 1-5 it becomes evident that the frequency of short-wave radio 
transmitters will be 1500 kc and higher. 

In order to get an idea of the length of a radio wave, it is necessary 
only to change the wavelength to our common units of feet or miles. 

Exarnple 1-6. What is the length in feet of one radio wave of the broadcast sta¬ 
tion referred to in Example 1-4? 

Given: Find: 

X = 526.3 meters Feet ? 

Solution; 

Feet = ^ jyggfeet 


The solution of Example 1-6 indicates that each wave transmitted by 
station WMCA is 1726 feet long, or approximately one-third of a mile. 

Knowing that radio waves travel 186,000 miles per second, the time 
required for a radio wave to get from one place to another can be readily 
calculated. 

Example 1-7. How long does it take a radio wave to travel from New York to 
San Francisco, a distance of approximately 2600 miles? 

Given: Find: 

Miles « 2600 Time - ? 

Miles per second » 186,000 


Solution: 


. miles 
* “ 186,000 


2600 

186,000 


0.0139 second 


The solution of Example 1-7 indicates that it takes only about 0.014 
second for a person’s voice broadcast on a radio program to travel from 
New York to San Francisco. 

1~10« Simple Explanation of Radio Transmisaion and Reception 
Have you ever asked the question, ^^How is it possible for a person to 
sing, talk, or play a musical instrument, in fact to make audible 
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Fio. 1-10.—Comparison of delivery, receiving, and use of coal (top) with sending, receiving, and use of sound waves (below). 
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sound, and be heard almost instantly by people thousands of miles 
away?’’ To answer this question the sending and receiving of sound 
waves will be compared with the delivery and receiving of a ton of coal. 

If a person orders a ton of coal from a coalyard, the coal is loaded on a 
tmck, which carries it to his home. The driver stops the truck at the 
person’s home because he ordered the coal. The buyer does not want the 
truck—he wants the coal; so the driver and his helpers unload the coal 
into the bin and drive away with the truck to deliver the rest of the load. 

In a similar manner, if an audible sound wave is made at some trans¬ 
mitting station, this audible sound gets to the listener’s home only if a 
means of carrying it there is provided. In place of a coal truck, trans¬ 
mitting stations use a carrier wave. Just as the coal had to be put on the 
truck, the audible sound wave must be put on the carrier wave. A 
modulator is used for this purpose. The modulator takes the audible 
sound wave that has been changed to electrical impulses by the micro¬ 
phone and superimposes it on the carrier wave. The resultant is called 
a modulated wave. 

This modulated wave is now sent out by a transmitting antenna, just 
as the coal truck was sent from the coalyard. During the day any 
number of coal trucks pass the door of the buyer mentioned above, but 
the only truck that stops is the one that is to deliver the coal to his home. 
In the same manner any number of modulated waves pass the antenna of 
the listener’s radio. He turns a dial on his receiver and selects the station 
he wants to listen to. This is actually selecting the desired modulated 
wave. 

Next the ton of coal was separated from the truck placed in the 
bin, and the truck then continued on its way to make other deliveries. 
In radio, part of the energy of the modulated wave enters the receiver; 
the remainder is available for other receivers. At the receiver the audible 
sound wave is separated from the modulated wave by the detector, which 
may also be called the demodulator. 

No heat is obtained from the coal unless it is burned, and similarly no 
sound is obtained from the audio wave unless it causes some material to 
vibrate. The amount of energy output of the detector (audio wave) is 
so small that it is sufficient only to operate a set of earphones. If it is 
desired to fill a room with the sound wave, it becomes necessary to use a 
loudspeaker. In order to obtain sufficient energy to operate a loudspeaker 
an audio amplifier, inserted after the detector, is included in radio 
receivers. 

Just as there are numerous trucks carrying coal, so too there are 
numerous carrier waves carrying audio waves. Also, just as the trucks 
must be controlled to prevent interference between them, so too the 



20 


ESSENTIALS OF RADIO 


[Art. 1-11 


modulated waves must be controlled. To prevent interference among 
modulated waves, the Federal (communications (Commission assigns 
definite freiiuencies to the transmitting or broadcasting stations. For 
example, the frequency of the carrier wave of station KFI, Los Angeles, 
is 640 kc; WLAC, Nashville, 1510 kc; and WENR, Chicago, 890 kc 
By setting the dial of a receiver to 710 kc, a person in New York will be 
able to hear the program being broadcast by station WOR any time of the 
day, any day of the week, month, or year. 

1-11. General Picture of Radio Transmission and Reception. The 
chart shown as Fig. 1-11 presents a simple picture of the various opera¬ 
tions required to send a sound wave out into space and to have it received 
many miles away. 

The top line is a block diagram illustrating the essential portions of a 
radio transmitter and receiver. It is called a block diagram because each 
section is represented by merely drawing a block and labeling it to con¬ 
form with the portion it represents. The first unit is the microphone^ 
where the audible sound waves are picked up and changed into electrical 
injpulses. The electrical impulses from the microphone are too weak to 
be sent through space on the carrier wave and, therefore, must be ampli¬ 
fied. This is accomplished by sending the wave from the microphone to 
the speech amplifier. The next block is called the oscillator j which is the 
portion that sets up the carrier wave of the transmitter, in this example, 
550 kc. This is followed by the modulator, which receives energy from 
both the oscillator and the speech amplifier. At the modulator the audio 
waves of the speech amplifier are superimposed on the carrier wave, and 
this modulated carrier wave is then sent out into space by the transmitting 
antenna. 

The receiving antenna is affected by the magnetic and electric fields 
set up in space by the transmitting antenna, and if the selector or tuning 
portion of the receiver is set for the proper frequency (in this example 550 
kc), a workable amount of electrical energy enters the receiver. The 
amount of energy is small and must be increased in strength at this point 
by the radio-frequency amplifier. The selector and the r-f amplifier are 
shown in a single block because these two operations are generally com¬ 
bined. The next block, labeled detector, mi^t also be called the demodu- 
laior because at this point the audio waves are separated from the carrier 
wave. The audio waves coming from the detector are too weak to oper¬ 
ate a loudspeaker and therefore must be sent through an audio-frequency 
amplifier before going on to the loudspeaker. 

The second line indicates the frequency of the wave as it enters and 
leaves the various parts of the transmitter and receiver operated at a 
frequency assumed to be 550 kc. The third line is a diagrammatic 
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representation of these frequencies. A careful examination of the 
figure will show that every step performed in the transmitter is also per¬ 
formed in the receiver but in reversed order, starting with the sound 
waves entering the microphone at the transmitter and ending with similar 
sound waves leaving the loudspeaker of the receiver. 

The fourth line summarizes the purpose of each part of the radio 
transmitter and receiver. 

1-12. Need for a Knowledge of Electricity. In the block diagram of 
Fig. 1-11, each function is represented merely as a square and called an 
oscillator, modulator, amplifier, or detector. Each one of these parts is 
made up of various electrical devices such as resistors, inductors, capaci¬ 
tors, and tubes, all properly connected in order to perform the function 
desired. 

There have been a number of changes made to the simple radio circuit 
used years ago to give us the modern radio receiver and transmitter. 
Where the broadcast band formerly extended from 500 to 1500 kc, its 
higher frequencies now extend into megacycles. Of the various circuits 
used in the development of radio only tw^o, the tuned radio frequency and 
the superheterodyne, are in general use today, the superheterodyne being 
practically the standard circuit used. 

A radio circuit consists of various kinds and types of electrical devices 
properly connected. In order to understand these circuits, one must 
have a broad and thorough knowledge of electrical and radio theory. 
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QUBSHONS 

1. Name six examples of (a) the visual method of communication, (6) the audible 
method of communication. 

2. What contributions did James Clerk Maxwell make toward the development 
of radio? 

8 . What contribution did Heinrich Hertz make toward the development of 
radio? 
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4. What was Marconi’s contribution to the development of radio? 

5. What device contributed largely to the development and advancement of 
radio? 

6 . What is meant by th(» Edison effect? 

7. What was Fleming’s contribution to the development of the vacuum tube? 

8 . What was De Forest’s contribution to the development of the vacuum tube? 

9. What was I^angmuir’s contribution to the development of the vacuum tube? 

10. Name some of the developments in vacuum-tube design that resulted in the 
modern tubes. 

11. Name five men generally associated with the early development of radio cir¬ 
cuits and describe the contribution made by each of them. 

12. Why is Armstrong’s name associated with frequency modulation? 

13. Name four types of applications, other than radio, that use the principles of 
electronics and vacuum tubes. List some specific applications in each. 

14. Define (a) soimd, (6) sound waves, (c) frequency of sound waves, (d) pitch. 

16. Explain what occurs when sound waves strike the human ear and produce the 

sensation of sound. 

16. What frequency is commonly used for the audio wave of code signals? Why? 

17. How are radio waves produced? 

18. What two factors make up radio waves? 

19. How does the speed of radio waves compare with (a) light waves? (6) Elec¬ 
tricity? (c) Sound? 

20. Define (a) wavelength, (6) frequency, (c) cycle, (d) kilocycle, (e) megacycle. 

21. What are the essential functions of a transmitter? 

22. What purpose does each function of the transmitter serve? 

23. What are the essential functions of a receiver? 

24. What purpose does each function of the receiver serve? 

26. Describe a simple analogy of radio transmission and reception. 

26. Pr(‘pare a block diagram of a simple radio receiver. Label each block and 
state its function. 

27. Name two types of radio circuits used in modern receivers. 

28. Why is a knowledge of electricity necessary in order to study radio? 

PROBLEMS 

1. The frequency of the sound waves produced by middle C on a piano is 256 
cycles, (a) What is the wavelength of the sound in feet? (b) In meters? 

2. A musical note of 256 cycles (Prob. 1) is picked up by a microphone and 
changes from sound waves to electrical impulses, (a) What is the wavelength of the 
electrical impulses in feet? (b) In meters? (Note. —Electricity and radio waves 
travel at the rate of 186,000 miles per second.) 

3. Radio programs are often presented to studio audiences as well as to the radio 
audience, (a) How long does it take the sound waves to reach a listener in the 
studio audience seated 200 feet away? (b) How long does it take the program to 
reach a listener at the loudspeaker of a radio receiver 500 miles away? (c) Which 
listener hears the program first? 

4. How far would a sound wave travel in the time that it takes a radio wave to 
travel 600 miles? 

6 . If the musical notes of a violin range from 200 to 3000 cycles (vibrations) per 
second, what is its range of wavelength? 

6 . If the musical notes of a base viol range from 36 to 240 cycles (vibrations) per 
second, what is its range of wavelength? 
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7. If the shrill sound of an insect has a frequency of 12,000 cycles, what is the 
wavelength in feet? 

8 . If the sound of a creaking door has a frequency of 15,000 cycles, what is its 
wavelength in feet? 

9. What is the frequency of the carrier wave of a transmitter whose wavelengl h 
is 526 meters? 

10. What is the frequency of the carrier wave of a transmitter whose wavelength 
is 206.8 meters? 

11 . WTiat are the wavelengths of a television transmitter whose frequencies are 

61.25 and 65.75 me? 

12. What are the wavelengths of a television transmitter whose frequencies are 

45.25 and 49.75 me? 

13. A certain short-wave transmitter operates on a wavelength of 38.4 meters. 
What is its frequency? 

14. A certain f-m station operates on an assigned frequency of 95.3 me. (o) 
What is its wavelength in meters? (6) What is its wavelength in feet? 

16. A certain f-m station operates on an assigned frequency of 99.3 me. (a) 
What is its wavelength in meters? (b) What is its wavelength in feet? 

16. A certain radio station operating on an assigned frequency of 1050 kc is trans¬ 
mitting a violin solo, (a) If the notes of the violin range from 200 to 3000 vibrations 
per second, what is the range of the audio-frequency electrical current impulses? 
(b) How many cycles does the carrier-wave current make for each cycle of the lowest 
frequency note? (c) How many cycles does the carrier-wave current make for each 
cycle of the highest frequency note? 

If. How many cycles does the current of a 46.7-mc carrier wave make in the time 
that it takes a 5000-cycle audio-frequency current to complete one cycle? 

18. How many cycles does the current of a 550-kc carrier wave make in the time 
that it takes a 5000-cycle audio-frequency current to complete one cycle? 

19. How many cycles does the current of the 550-kc carrier wave (Prob. 18) make 
in the time that it takes a 50-cycle audio-frequency current to complete one cycle? 

20. How long does it take the radio waves of a transmitter located at Chicago to 
reach San Francisco, a distance of approximately 1600 miles? 

21. How long does it take the radio waves of a transmitter located at San Francisco 
to reach Honolulu, Hawaii (approximately 2500 miles away) ? 

22. How long does it take the radio waves of a transmitter located at New York 
to reach Melbourne, Australia, approximately 10,000 miles away? 

28. How far would a sound wave travel in the time that it takes the radio waves of 
Prob. 22 to travel 10,000 miles? 
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24. Complete the following table of frequency and wavelength ratings of the sta¬ 
tions listed as follows. 


Sta- 

tion 



Meters 

Station 

Location 

Mega¬ 

cycles 

Meters 

WIOD 

Miami 

610 


WNBC-FM 

New York 


3.083 

KSL 

Salt Lake City 


258.62 

WCBS-FM 

New York 

96.9 


KDKA 

Pittsburgh 


294.11 

WLWK 

Cincinnati 


49.34 

KOA 

1 Denver 

850 


KWID 

San Francisco 


19.62 

WLAC 

Nashville 

1510 


WGEA 

Schenectady 

9.53 

1 


KIRO 

Seattle 


422.63 

WRUW 

Boston 

11.73 



















26. Add four of yo\ir favorite stations to the list of Frob. 24 and fill in their fre¬ 
quencies and wavelengths in the table. 

















CHAPTER II 
CIRCUIT ANALYSIS 


In order to understand the essentials of radio it is necessary that the 
reader possess a good foundation of basic electrical theory, circuit analy¬ 
sis, and a knowledge of the various circuit elements involved. To those 
who have studied the authors’ book. Electrical Essentials of Radio, this 
chapter should serve as a brief r6sum6 of circuit elements and circuit 
analysis. To those who have obtained the knowledge of basic electncity 
from some other source, it presents a brief treatment of those electrical 
essentials that are important to the study (rf radio but are omitted in 
electrical texts that treat electricity from the power and machinery 
standpoint. 

2-1. Resistors. A resistor is a device used in an electric circuit 
because of its resistance. When used in a circuit to provide a required 
amount of resistance it is considered as being a circuit element. 



Fia 2-1 —Some of the various types of resistors used in» radio. {Courtesy of Ohmtte 

Manufacturing Company) 


Resistors are generally used to limit the amount of current flowing in a 
circuit or to obtain a desired amount of voltage for a certain part of a 
circuit. Resistors are rated in both their o hmi c, value and the amount of 
power that they can dissipate. The power rating is also a measure of its 
current rating because the power dissipated by a resistor is equal to PR. 
Standard resistors range from a fraction of an ohm to several megohms 
and from a fraction of a watt to several hundred watts. 
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Classification of Resistors According to Material, Two general types 
of materials are used in the manufacture of resistors, namely, carbon and 
metal. Resistors may therefore be classified acjcording to the material 
used and are generally referred to as being either carbon or wire-wound. 

The metallic or wire-wound resistors consist of a wire or ribbon, 
usually an alloy of two or more elements such as copper, iron, nickel, 
chromium, zinc, manganese, etc., wound around a supporting form made 
of an insulating material. 

The nonmetallic or carbon resistors consist of either carbon or graphite 
powder held together by a suitable binding substance. It is formed into 
rods and cut into short pieces to make up the resistor. Because of the 
high specific resistance of carbon and graphite, carbon resistors of high 
ohmic values can be made much smaller than wire-wound resistors. 

Classification of Resistors According to Control. Resistors may be 
further classified as: (1) fixed; (2) variable; (3) adjustable; (4) tapped; 
(5) automatic resistance control. 

A fixed resistor is one whose value cannot be changed by any mechani¬ 
cal means. Fixed resistors may be of either the wire-wound or carbon 
type. Low-power wdre-wound fixed resistors are made by winding the 
wire on a Bakelite or fiber strip and attaching suitable connecting lugs 
at each end. A flexible low-power wire-wound resistor is made by wind¬ 
ing a fine nichrome wire on a specially treated silk cord and then covering 
it with impregnated fiber. High-power wire-wound resistors are made 
by winding the wire on large threaded porcelain tubes and attaching 
terminals at each end; the entire unit is then dipped in an enamel or a 
porcelain solution and baked. Fixed resistors of the carbon type are 
used extensively for low-power applications. They are generally used 
where a low-power high resistance is required. Their ohmic values 
range from 6 ohms to 10 megohms and are indicated by a color code 
adopted by the Radio Manufacturers’ Association (see Appendix VIII). 

A variable resistor is one whose value of resistance at its terminals 
may be varied. Two commonly used types of variable resistors are called 
the rheostat and the potentiometer. The rheostat and potentiometer are 
similar in appearance and method of operation but differ in the manner 
in which they are connected in a circuit. 

An adjustable resistor is one that may be adjusted to a desired value 
and then set at that value. It differs from the variable resistor in that 
once it is adjusted to the desired value it is kept at that value. Adjust¬ 
able resistors are of the metallic type and are generally wound on porce¬ 
lain forms. They are provided with one or more movable collars, which 
may be clamped in a definite position after they have been adjusted to the 
desired value. 
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A tapped resistor, sometimes called a voltage divider, is one that pro¬ 
vides two or more definite values of resistance on a single unit. Tapped 
resistors are similar to adjustable resistors except that the collars are not 
made movable but are set at fixed positions along the resistor to give 
definite values of resistance. Tapped resistors are of the metallic type 
and may be of the low-power wire-wound variety that uses a fiber or 
Bakelite form or may be of the high-power wire-wound type that uses a 
poH’elain form. 

An automatic resistance-control resistor is one whose resistance value 
changes automatically with a change in current or temperature. A 
nickel or iron wire is placed inside a glass tube filled with an inert gas 
such as hydrogen, or inside an air-cooled metal case. 
When the current flowing through this unit increases 
it causes an increase in the temperature of the wire. 
The increase in temperature causes an increase in 
resistance that regulates the current and prevents it 
from rising excessively. 

Uses of Resistors. Resistors arc used to adjust the 
current and voltage of electrical circuits. In radio 

* circuits they are used as voltage dividers (see Chap. 

* XI), loads for the output of a vacuum tube, resistance 
^ to provide the proper grid bias, current regulators 

in filament circuits, filter networks, grid leaks, etc. 
The use to which a resistor is applied determines how 

Fig. 2-2. — An constructed and how accurately its resistance 

automatic ballast- , , , ... i mi r • x 

regulating tube that valuc must be maintained. The accuracy ot resistors 

may be used as an varies with the kind of materials used and the care 

ance-controi resistor, cxercised in their manufacture. High-Quality wire- 

{Courtesy of Ampe- wound commercial resistors can be obtained with values 

rite Company.) resistance that are accurate within 1 per cent of 

their rated values. 

In selecting a resistor its power rating as well as its resistance value 
must be taken into consideration. The power rating may be found by 

P = PR (2-1) 

where P = power, watts 

I = current, amperes 
R — resistance, ohms 

Example 2-1. What is the power rating of a 1000-ohm resistor that will safely 
withstand a maximum current of 100 ma? 

Given: Find: 

R - 1000 ohms P — ? 

/ "■ 100 ma 0.1 amp 
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Solution: 


P ^ PR ^ 0.1» X 1000 « 10 watts 


Example 2-2. How much current can a 10,000-ohm, 5-watt resistor safely with¬ 
stand? 

Given: Find; 

R = 10,000 ohms J « ? 

P = 5 watts 

Solution: 




10,000 


= 0.0223 amp or 22.3 ma 


2-2. Rheostats and Potentiometers. Rheostats. A rheostat is a 
variable resistor whose value of resistance at its terminals may be varied 
by means of a sliding contact arm. A rheostat is generally used to con¬ 
trol the amount of current flowing in the load to which it is connected. 



Fiq. 2-3. —Circuits illustrating uses of rheostats, (a) Rheostat in series with a load* 
(&) rheostat in parallel with a load. 


Two types of circuits illustrating the use of rheostats are shown in Fig. 
2-3. 

Figure 2-3a shows a rheostat connected in series with the load and 
Fig. 2-36 shows a rheostat connected in parallel with the load. It should 
be noted that only two of the three terminals (marked Ay C on the 
diagram) are used and that current flows through only that part of 
the resistance actually between the sliding contact arm and the end of the 
resistor being used as a terminal. Use of terminals A and B in the series 
circuit of Fig. 2-3a and terminals B and C in the parallel circuit of Fig. 
2-36 results in obtaining an increase in current flowing through the load 
by rotating the sliding contact arm of the rheostat in a clockwise direction 
(see Fig. 2-6). 

Potentiometers. A potentiometer is a variable resistor (similar to a 
rheostat) connected so that it may be used for subdividing a voltage by 
means of a sliding contact arm. Figure 2-4 shows how a potentiometer 
may be connected to the line and load. It should be observed that all 
three terminals are used and that, by varying the position of the sliding 
contact arm B, it is possible to obtain any voltage from asero to line voltage 
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Er 


*//nc 


Fig. 2-4.- 


E/oad 

_J_ 


\Lootd 


-Circuit illustrating the use of 
a potentiometer. 


at the load. The potentiometer selected must tiave the section AB large 
enough to carry the current taken by the load plus the amount taken by 
the potentiometer itself. As the power consumed by a potentiometer is 
all lost, its current should be kept at a minimum. This can be accom¬ 
plished by increasing the resistance between A and C to a very high 

value in order to keep the current in 
BC at a minimum. 

Uses of Rheostats and Potentiome¬ 
ters, Rheostats and potentiometers 
are used to control various types of 
circuits used in radio, such as volume, 
tone, antenna, plate voltage, and audio. 
As the amount of current flowing in 
these circuits is very small, carbon 
resistors can be used (see Fig. 2-5). 

When higher currents are required, metallic or wire-wound resistors 
are used (see Fig. 2-6). An objection to metallic resistors is that noisy 
operation of the receiver may result when the contact arm moves from 
one turn of wire to another. This occurs when there is an appreciable 
amount of voltage drop between adjacent turns of wire. Carbon controls 
do not present such conditions as the 
resistance change progresses smoothly and 
not in steps as in the wire-wound controls. 

Taper. Rheostats and potentiometers 
used for control circuits may vary in 
direct ratio, or they may taper. In a 
direct-ratio potentiometer, the resistance 
value varies directly with the degree of 
rotation. That is, at quarter rotation the 
resistance value is one-quarter of the total 
resistance, and similarly at half rotation 
it is one-half of the total resistance. 

When a potentiometer is tapered, the 
resistance does not vary directly with the 
rotation. The potentiometer shown in 
Fig. 2-5 has a total resistance of 500,000 ohms. At half rotation the 
resistance is only 50,000 ohms, and at quarter rotation it will be less than 
25,000 ohms as the resistance is tapered and not uniform between the off 
position and the mid-point. In a similar manner, the resistance at three- 
quarter rotation would not be equal to one-half of 460,000 plus 60,000 (or 
276,000) because the resistance between the mid-point and the on posi¬ 
tion is not uniform but is tapered. 





Johtresistance 500.000ohms 

Fig. 2-6.—A carbon-type potenti¬ 
ometer with left-hand taper. 
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It is necessary to taper the resistance of a control in order to obtain 
an apparently uniform control of the signal. When the control is turned 
to the halfway position, it is generally expected that the signal volume 


will be one-half that obtained at the 
In order to double a given volume of 
sound, an increase of approximately 
ten times the original intensity is 
required. At one-half full volume, 
only one-tenth of the full volume 
voltage is required, and therefore 
one-tenth of the total resistance is 
all that is needed. 

Potentiometers are either left- 
hand or right-hand tapered, depend¬ 
ing on which side is tapered out. 
In Figs. 2-5 and 2-6 the left hand of 
the control is tapered out; therefore 
each is a left-hand taper. 

Comparison of Wire-wound and 
Carbon Controls. Wire-wound and 
carbon controls have a number of 
advantages and disadvantages, whic 


full or on position of the control. 



Fig. 2-6.—A wire-wound potentiom¬ 
eter with left-hand taper. {Courtesy of 
Ohmite Manufacturing Company ) 


i, for purposes of comparison, are 


listed below. The choice of a control will depend on the use to which it 


is to be put. 


Advantages 

Wire-wound Carbon 

1. Absolute accuracy of the resist- 1. Ease of obtaining taper 
ance value 

2. High current-carrying ability 2. Silent operation 

3. Low resistance values easily ob- 3. High resistance values easily 

tained (i ohm) obtained (2 or more megohms) 

Disadvantages 

1. More difficult to obtain a taper 1. Resistance will vary with heat, 

humidity, wear, etc. 

2. Noisy operation 2. Low current-carrying ability 

3. Limited high resistance value 3. Limited low resistance value 
that can be obtained (150,000 obtainable (500 ohms) 
ohms) 


2-8. Inductors. Inductance must be considered wherever a current 
of varying magnitude is flowing in a circuit. In radio, the principles of 
are usefid in understanding the action oS. inductance co'de, or 
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choke coils as they are generally called, and of the various types of trans¬ 
formers used. 

Characteristics of Inductance. Three of the ehara(;teristics of induct¬ 
ance that are important to the study of radio are: (1) inductance opposes 
any change in the amount of current flowing in its circuit; (2) th,e changing 
current in an inductance coil will cause a voltage to be induced in that 
coil in the case of self-inductance or in an adjacent coil or conductor in 
the case of mutual inductance; (3) energy may be transferred from one 
circuit to another. 

Unit of Inductance. The unit of inductance is the henry and its 
symbol is L. A circuit is said to have an inductance of one henry when 
a current changing at the rate of one ampere per second induces an emf 
of one volt. Low values of inductance are expressed in millihenries 
(10”* henries) or microhenries (10“* henries). These subunits are gen¬ 
erally abbreviated and appear as mh and ^h respectively. Additional 
information on subunits and the use of exponents is given in Appendixes 
III and IV. 

Inductance may be expressed in terms of flux linkages and current as 


L - ^ 

10 */ 


(2-2) 


where L — inductance, henries 

^ == flux linkages, maxwells 
/ = current, amperes 

10* is a constant and is necessary in order to express the 
equation in our practical imits of volts, amperes, etc. 

Energy must be provided by the source of power in order to establish 
the magnetic field. This energy may be stored in the field as potential 
energy or, as in a-c circuits, may be returned to the circuit. The amount 
of energy stored by the magnetic field is dependent upon the current and 
the inductance as expressed by 



(2-3) 


where W = energy of the field, watt-seconds (or joules) 

L = inductance, henries 
I = current, amperes 

Self-inductance. Self-inductance is the property of a single circuit 
that opposes any change in the amount of current in that circuit. The 
unit of self-inductance is the henry and a circuit is said to have a self¬ 
inductance of one henry wlien a current changing at the rate of one 
ampere per second induces an average emf of one volt. 

The induced voltage in an inductor is proportional to the number of 
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turns and the rate at which the flux (and current) is changing; this is 
expressed by the equation 




N4> 


(2.4) 


where = average induced emf, volts 
N = number of turns 

0 = total change in the number of lines of flux linking the turns 
N, maxwells (one maxwell = one magnetic line of force) 
t »time required to produce the change, seconds 


Example 2-3. A flux of 1,800,0(X) lines links a coil having 300 turns. The flux in 
the coil decreases from maximum value to zero in 0.18 second, (a) What is the value 
of the induced voltage? (b) What is the inductance of the coil if a current of 1 amp 
is required to reduce the flux of 1,800,000 lines? (c) How much energy is stored in 
the magnetic field? (d) If upon opening the circuit the current decreases to zero in 
0.18 second, w’hat is the average value of the power expended by the magnetic field 
(luring this time? 


Given: 

N = 300 turns 
<l> = 1,800,000 lines 
t — 0.18 second 
/ « 1 amp 

Solution: 


Find: 

(а) « ? 

(б) L = ? 

(c) W « ? 

(d) P « ? 


(a) Pay 

(b) L- 

(c) W 

(d) P» 


_ N<f> _ 300 X 1,800,000 
“ a0« “ 0.18 X 10« 

300 X 1,800,000 
10*7 10« X 1 

L/2 5.4 X 1 X 1 

“ 2 “ 2 


= 30 volts 
5.4 henries 


watt-seconds 

seconds 


2.7 

0.18 


= 2.7 watt-seconds 
= 15 watts 


Although inductance is generally associated with coils, practically all 
circuits have some inductance. When a coil is used expressly for its 
property of inductance, it is called an inductor. The self-inductance of a 
coil depends upon its physical characteristics, that is, its dimensions, 
number of turns, and the magnetic qualities of its core. One of the three 
following equations will provide a means of calculating the self-inductance 
of air-core coils. Figure 2-7 shows three classifications of coil shapes for 
which the three equations are used. The coil shown in Fig. 2-7a is called 
a myltilayer coil, and its inductance may be found by use of the equation 

O.SaW* 

^ 6a + 96 + 10c 


(2-6) 
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Figure 2-7b shows a flat or pancake coil whose inductance may be cal¬ 
culated by the equation 


8a -h 11c 


(2-5a) 


Figure 2-7c shows a form of solenoid in which the length does not exceed 

the diameter by any great amount. 
The inductance of such a coil may 
be found by the equation 





'T 


—H 

2zmx 


7rmx 


L = 


aW2 
9a + 106 


(2-56) 


(bJ 


(c) 


(a) 

Fig. 2-7. —Types of inductance coils, (a) 
Multilayer, (6) flat or pancake, (c) solenoid. 


where L = inductance of the coil, 
microhenries 
N = number of turns 
Oy by c = dimensions, inches 
(Fig. 2-7) 


Example 2-4. What is the inductance of a multilayer coil that has 1200 turns and 
whose dimensions are a = IJ, 6 = J, and c = IJ inches? 

Given: Find: 

N — 1200 turns L « ? 

a * 1.5 in. 
h =* 0.75 in. 
c * 1.5 in. 


Solution: 

L 


O.SaW* 

6 a -h 96 + 10c 


0.8 X 1.5* X 1200* 

6 X 1.5 4- 9 X 0.75 + 10 X 1.5 


= 84,292 fih 


The above equations will give reasonably accurate results for coils 
without iron cores as may be found in radio-frequency circuits. 

Mutual Inductance, When two windings are placed so that a change 
of current in one will cause its changing magnetic field to cut the turns of 
the other, an induced emf will be set up in the second coil. The two 
circuits are then said tp possess mutual inductance. 

Unit of Mutual Inductance, Two circuits have a mutual inductance 
of one henry when a current in one circuit, changing at the rate of one 
ampere per second, induces an average emf of one volt in the second 
circuit. 

Primary and Secondary, The winding that receives the energy from 
the power source is called the primary and the winding that delivers the 
energy to the load is called the secondary. Each winding has a self¬ 
inductance of its own that may be calculated by Eqs. (2-5), (2-5a), or 
(2-56). The self-inductance of the primary is designated as Lp and that 
of the secondary as Ls* 
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Coefficient oj Coupling, When two circuits are arranged so that 
energy from one circuit may be transferred to the other, the circuits are 
said to be coupled. Mutual inductance is an example of coupled circuits. 

In the case of mutual inductance, if all the magnetic lines set up by 
the current in the first circuit cut all the turns of the second circuit, the 
circuits would be coupled perfectly. If only half of the lines set up in 
the first circuit cut the turns of the second circuit, the coupling is only 
50 per cent. The per cent of coupling is usually referred to as the 
coeffiwient of coupling and designated by the letter K, It is expressed 
mathematically by the equation 


M 

\/LiL2 


( 2 - 6 ) 


where K 
M 
U 
U 


the coeflScient of coupling (expressed as a decimal) 
the mutual inductance of the two circuits 
the self-inductance of the first coil 
the self-inductance of the second coil 


Example 2-5. What is the coefficient of coupling of two coils whose mutual induct¬ 
ance is 1.0 henry and whose self-inductances are 1.2 and 2.0 henries? 

Given: Find: 

= 1.0 henry K^? 

Li = 1.2 henries 
L 2 = 2.0 henries 


Solution: 


Vls; 


1.0 

V 1.2 X 2.0 


= 0.645 


The coefl&cient of coupling depends upon the construction of the coils 
and also largely upon whether the coils are wound on an iron core or on 
an air core. The highest possible value is one and the lowest is zero. 
Iron-core transformers often achieve the high value of 0.98, which is 
considered excellent. The coefficient of coupling for air-core transformers 
used in radio circuits is very low and will vary considerably, depending 
upon the design of the coils and the frequency of the circuits in which 
they are used. In radio circuits a low value of coefficient of coupling is 
often desired, as it aids sharpness of tuning. 

Calculation of Voltage Induced in the Secondary. The voltage induced 
in the second circuit by a change of current in the first may be expressed 
by the equation 


(2-7) 
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where 2 = average induced emf in the second circuit, volts 
N 2 = number of turns on the coil in the second circuit 
<l> = total change in the number of lines linking the turns iVi, 
maxwells 

Example 2-6. Two coils, the first having 200 turns and the second 350 turns, are 
placed so that only 40 per cent of the lines set up by coil 1 link coil 2. If 600,000 lines 
are set up when 3 amperes flow through coil 1, what voltage will be induced in coil 2 if 
^he current decreases from 3 amperes to zero in 0.10 second? 

Given: 

N% = 350 turns 
K « 0.40 
<f> = 600,000 lines 
t =0.10 sec 

Solution: 

j, _ N2K<I> 

2-4. Inductive Reactance and Angle of Lag. Inductance is tin' 
property of a circuit that opposes any change in the amount of currenl 
flowing in the circuit. As the current in an a-c circuit is continually 
changing in amount, it follows that the effect of inductance must be 
considered in alternating-current circuits. The effects of inductance 
upon the current flowing in an a-c circuit are twofold; namely, (1) that 
it sets up an opposition to the flow of current, and (2) that it causes a 
delay or lag in the current. 

Inductive Reactance, A current flowing through a wire always sets up 
a magnetic field about the wire. If the current varies in strength the 
magnetic field too will vary in strength. When an alternating current flows 
through a coil, the resulting varying magnetic field about each turn will 
induce a voltage in its adjacent turns. This induced voltage opposes 
the change in amount of current and results in a lower current than if 
inductance were not present. Inductance therefore introduces an opposi¬ 
tion to the flow of alternating current. This opposition is called induc¬ 
tive reactance and is expressed in ohms; its symbol is Xl- The value of 
the inductive reactance is affected by two factors, (1) the inductance of 
the circuit, and (2) the rate or speed at which the current is changing, 
which is proportional to the frequency. The effects of these two factors 
upon the inductive reactance are shown by the equation 

Xl = %rfL (2-8) 

where Zx, == inductive reactance, ohms 
Tc == constant, 3.14 
/ == frequency, cycles per second 
L = inductance, henries 
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If a circuit were assumed to consist of inductance only, the amount of 
current flowing in such a circuit would be 

7 ^ = 1 ^ ( 2 - 9 ) 

where /l = current flowing in the inductor, amperes 
El = voltage across the inductor, volts 
Xl — reactance of the inductor, ohms 
In actual practice it is impossible to have a circuit containing induct¬ 
ance only because the wire of which the inductor is wound has some 
resistance. However, the resistance is usually so small compared with 
the inductive reactance that it is ignored and the circuit is assumed to 
contain inductance only. 

If the resistance of an inductor is to be considered, its ohmic effect 
must be combined with the inductive reactance. The combined ohmic 
effect is called the impedance and is represented by the symbol Zl. 
Mathematically it is equal to 

Zl = + Xl^ (2-10) 

where Zl = impedance of the inductor, ohms 
Rl = resistance of the inductor, ohms 
Xl — reactance of the inductor, ohms 
When both the resistance and inductive reactance of an inductor are 
taken into consideration, the current flowing in the inductor will be 

( 2 - 11 ) 

Example 2-7. The choke coil of a filter circuit has an inductance of 30 henries and 
a resistance of 400 ohms. Find: (a) the inductive reactance at 60 cycles; (6) the 
impedance at 60 cycles; (c) the current when the voltage across the coll is 250 volts at 
60 cycles. 

Given: 

L B 30 henries 
Rl ■■ 400 ohms 
/ 60 cycles 

Bl » 250 volts 

Solution: 

(o) Xl - 2ir/L « 2 X 3.14 X 60 X 30 « 11, 304 ohms 
(6) Zl - VbImTX? = ^400* + 11,304* - 11,311 ohms 

(c) 7x, - - 0.0221 amp - 22.1 ma 

The results of the above example show that the impedance and the 
inductive reactance are practically equal and that the current will be 


Find: 

Xl = 7 

Zl = ? 

h - 7 
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practically the same whether the resistance is considered or neglected. 
T his is always the ease when the inductive reactance is five or more times 
as great as the resistance. 

Angle of Lag. When an a-c circuit contains inductance only, the 
changes in current take place 90 electrical degrees later than the changes 
in the voltage. This is more commonly expressed as, the current lags 

NO wits 
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where Bl = angle of lag, degrees 

cos Bl == cosine of the angle from table of cosines, Appendix XII 

Exam-pie 2-8. By what angle does the current lag the voltage in the coil of Exam¬ 
ple 2-7? 

Given: 

Rl = 400 ohms 
Zl = 11,311 ohms 

Solution: 

cos Bl 
Bl 

2-6. Inductors Connected in Series or Parallel. When two or more 
inductors are connected in series and placed so that no coupling exists 
between them, the inductance of the circuit will be 

Lt = Li “h L 2 + Z/3 * * * (2-13) 

When two or more inductors are connected in parallel and placed so 
that no coupling exists between them, the inductance of the circuit will be 




(2-14) 


When two coils arc connected in series and coupling exists between 
them, the inductance of the circuit will be 

Lt = Li “b L 2 i \/Z/iZ/2 (2-15) 

where Lt = inductance of the circuit 

Note: ±2K y/LJj^] use + when the magnetic fields of the two coils 
are aiding and — when the fields are opposing. 

Example 2-9. Two coils, each with an inductance of 4 henries are arranged so 
that they may be connected in the various ways shown in Fig. 2-9. What is the induct¬ 
ance of the circuit when the two coils are connected in series so that they are: (a) aid¬ 
ing and the coupling is 100 per cent; (6) opposing and the coupling is 100 per cent; 
(c) in a position that produces zero coupling; \d) aiding and the coupling is 50 per cent? 

Given; Find: 

Li « 4 henries Lt ^ ? 

Lj *» 4 henries 

Solutions: 

(o) Lt •~Li+Li ±2K y/LiLt - 4 + 4 +(2 XI V 4 X 4 ) - 16 henries 

(6) Lr - Li + L* ± 2X VLiLt - 4+ 4-(2 XI V4 X 4 ) - 0 henries 

(c) Lt -Li+Li ±2K VLiLi = 4+ 4±(2X0 ^4 X 4) - 8 henries 

W) Lt ~Li+Li ±2K VLiLt - 4 + 4 + (2 X 0.5 V4 X 4) - 12 henries 
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2-6. Neutralizing Inductance. When it is desired that a coil of wire 
have the lowest amount of inductance that is possible, the coil is wound 
so that each turn of wire with a current flowing in one direction has its 
inductive effect neutralized by a turn with its current flowing in the 
opposite direction. The coil is then said to be nonindmtively wound. 

If a coil requires only a few turns it may be noninductively wound by 
first looping the wire as shown in Figure 2-lOa and winding the loop 



I I 


(6)-Coils opposing 



(c)-Variable coupling 

Fio. 2-9,—Two coupled inductors connected in series. 

around the core. The completed coil will be as shown in Fig. 2-106. 
When the coil requires a large number of turns, it would be difficult to 
loop the wire first. In this case the coil is usually wound in two sections, 
each having two leads. When completed, the two winding sections are 
connected in series in such a manner that the currents in each section set 
up magnetic fields of opposite directions, which will neutralize one 
another. 

The wires used to C 9 nnect various parts of a receiver sometimes 
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cause unwanted inductance. This is usually true of filament or heater 
circuits in a-c-operated sets, especially if the wires are spaced some 
distance apart and are parallel to one another. The inductive effect 
may be reduced to a negligible amount by twisting the wires as shown in 
Fig. 2-1 la, or even by running the wires parallel to each other but right 
alongside one another as shown in Fig. 2-116. 

2-7. Chokes. Inductance coils used in 
the filter circuits of radio power-supply sys¬ 
tems and in the audio-frequency and radio¬ 
frequency circuits are commonly referred to 
as chokes. 

Power-supply Chokes. These chokes are 
used to aid in converting the pulsating-current 
output of a rectifier into the direct current 
that is needed for radio-tube circuits. As 
the rectifier pulsating currents are usually in 
the order of 60 or 120 pulsations per second, 
high values of inductance are required. In 
order to obtain high values of inductance, 
the coils have a large number of turns and 
are wound on iron cores. Common values 
of these chokes range from 5 to 30 henries. 

Audio-frequency Chokes. These chokes are used in some types of 
amplifier circuits to keep out (or to filter) certain parts of the current 
from the amplifier to improve its operation. This type of coil has a 
high value of inductance, generally in the order of 100 henries. Audio 


^Current (aJ 


^’Currenf 



c 

(a) 



Fig. 2-10. —Noninductive 
winding, (o) A loop of wire, 
(6) a noninductively wound 
coil. 


r Current 


^Currenf 


(b) 


Fio. 2-11.—Noninductive wiring, (a) Wires twisted to reduce the inductance, (6) wires 
placed parallel to one another to reduce the inductance. 


chokes offer a high impedance to the a-f currents and a low resistance to 
the direct current, thereby choking off the a-f currents and causing them 
to t ake another path, but permitting the direct current to flow through 
freely. In order to obtain high values of inductance, the coils have a 
large number of turns and are wound on iron cores. 





fra. ohoke*. (CovrMy ti Bammariund itanvfiutwriimg Company, lne,i 
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Radio-frequency Chokes. These coils are used in r-f circuits to provide 
a high impedance to the r-f currents and a low resistance to direct current. 
Because they operate on high frequencies, a high impedance can be 
obtained with relatively low values of inductance as compared with a-f 
chokes and power-supply chokes. Commonly used r-f chokes range 
from 2.6 to 126 millihenries. 

Many of the r-f coils are wound on nonmagnetic cores and are referred 
to as air-core coils. Another type of r-f coil is wound on a specially 
prepared magnetic core consisting of finely powdered iron particles held 



rfJ*Figure-8 (gr>Binoculoir 

Fig. 2-14.—Various methods of winding high-frequency ooils. 


together with a magnetic insulating binding substance. Because of this 
special type of iron core, the desired value of inductance can be obtained 
with a smaller number of turns, resulting in a lower resistance, a smalter 
coil, and a hi{^,her value of Q. This value Q is the ratio of inductive 
reactance to resistance (see Art, 2-23). 

Another construction feature of r-f coils is that special methods are 
used in winding the coils in order to reduce the distributed capacitance 
(see Art. 2-16) of the coil. Among the methods used are the universal, 
honeycomb, lattice, spider-web, bank, figure-of-eight and the binocular 
types of windings shown in Fig. 2-14. 

2-8. Transformers. When two or more coils are arranged so that 
energy may be transferred from one circuit to another, the combination 
is generally referred to as a transformer. 
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Power-supply Transformers. These transformers are used to supply 
voltages, both above and below the value of the line voltage, to the vari¬ 
ous circuits in radio apparatus. Power transformers can be used only 
on a-c-operated imits and therefore cannot be used with battery-operated 
portable radios or with a-c/d-c receivers. These transformers have two 
or more windings wound on a laminated iron core. The number of wind¬ 
ings and the turns per winding depend upon the voltages that the trans¬ 
former is to supply. As the coefficient of coupling is generally 0.95 or 



Fig. 2-16.—Cutaway views of two types of radio power transformers. (Courtesy of Stand-- 

ard Transformer Corporation.) 


more, the voltages of its windings will vary practically directly with the 
number of turns, or 


Ep _ Np 

Es Ns 


(2-16) 


where Ep = primary voltage ^ 

Es = secondary voltage 
Np == turns, primary winding 
Ns = turns, secondary winding 

Figure 2-15 illustrates typical power transformers. Figure 2-16 is a 
schematic diagram of a transformer’s windings. 

Example 2-10. A radio power transformer is to supply a receiver with voltages 
of 2.5, 6.3, and 750 volts center tapped as shown in Fig. 2-16. The primary line volt¬ 
age is 115 volts and the primary winding has 184 turns. Find: (o) the number of 
turns on section cd; (h) the numl^r of turns on section ef; (c) the number of turns on 
section gh and hi; (d) the number of turns on section gi. 
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Given: 

= 115 volts 
E(d = 2.5 volts 
Etj = 6.3 volts 
Egt = 750 volts 
Np = 184 turns 


Find: 

(a) Nrd « ? 

(b) A,/-? 

(r) Aftt =» ? 

(d) - ? 



Solution: 

(а) AT^ = ATp ^ = 184 X — = 4 turns 

(б) JVs = - 184 X ^ = 10 turns 

(c) Ns - Np^ = 184 X = 600 turns 

(d) ATs - iVp - 184 X ^ = 1200 turns 

Audio-frequency Transformers. These transfonners, Fig. 2-12, are 
used in a-f circuits as coupling devices and operate at frequencies ranging 
between 100 and 6000 cycles. They consist of a primary and secondary 
winding wound on a laminated iron or steel core. Because of the higher 
frequencies, special grades of steel such as silicon steel or several kinds of 
alloys that have very low losses should be used. These transformers 
usually have a greater number of turns on the secondary winding, com¬ 
mon ratios being between 2 to 1 and 4 to 1. However, the impedance of 
the primary and secondary windings is of perhaps even greater impor¬ 
tance than the ratio of turns, as the transformer selected should have its 
impedance match those of the circuits to which they are connected. 
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Impedance matching is described fully in the chapters on vacuum-tube 
amplifier circuits. 

Radio-fn quency Transformers. These transformers arc used to couple 
one stage of r-f amplification to the next stage. The windings are usually 
of the universal type and may be wound on either an air core or on the 
special powdered-iron core. Often they are wound with a special type of 
wire called litz wire and the windings are given special treatment to help 
them withstand varying temperature and humidity. These trans¬ 
formers have a low number of turns, and the primary is of a lower number 
than the secondary. The r-f transformers operate at the frequency 
range of the receiver, such as the broadcast band 530 to 1550 kc, short 


r - 1 



Fig. 2-17.—Typical r-f transformers. {Courtesy of Meissner Manufacturing Division^ 

Maguire Industries, Inc.) 


wave 5.8 to 19 me, etc. When a receiver is to operate on several fre¬ 
quency ranges, a group of coils may be mounted in a single container, or 
several separate coils of the plug-in type may be used. 

Intermediate-frequency transformers are r-f transformers designed 
for operation at a definite frequency. Standard i-f transformers can be 
obtained for frequencies of 176,262, 370, 456, and 1500 kc. Of these the 
175 and the 456 kc are the most commonly used. 

2 - 9 . Special Considerations of High-frequency Coils. Shielding. 
High-frequency circuits, such as the r-f and i-f circuits using the chokes 
and tran^ormers just described, often have undesired coupling between 
adjacent circuits owing to their electrostatic and magnetic fields. High- 
frequency coils are generally enclosed in a metal shield. Fig. 2-17, in order 
to reduce the coupling effect caused by the electrostatic and magnetic 
fields. When any stray electrostatic lines of force reach the metallic 
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shield they are short-circuited by the conducting material of the shield 
and are then grounded. When a magnetic field passes through such a 
shield an emf is induced in it, and, as the shield forms a closed circuit, a 
current will flow in the shield. This current will set up its own magnetic 
field, which, according to Lenz’s law, will oppose the original magnetic 
field and tend to keep it from spreading beyond the shield. 

Shields should be carefully designed as to size because the currents 
set up in them act as a loss that must be subtracted from the power in 
the coil circuit. This has a tendency to increase the resistance and also 
to reduce the inductance. Both of these effects result in a lower Q and 
hence reduce the effectiveness of the coil. The shield should be of a 
heavy material that is a good conductor, such as copper, brass, or alumi¬ 
num, and should be large enough so that it is not too close to the coil. 
Copper shields are seldom used because of 
the corroding effect that air has on copper. 

Aluminum is used extensively because of 
its mechanical strength, low cost, and good 
conductivity. 

Alternating^urrent Resistance of Coils. 

When coils are used in high-frequency cir¬ 
cuits, the resistance to the high-frequency 
currents is much greater than the d-c resist¬ 
ance of the coils. 

Skin effect, which is one cause for this 
increased resistance, is explained in the following manner. With direct 
current, the electrons constituting the current flow are distributed evenly 
throughout the entire cross-section area of the conductor, as shown in 
Fig. 2-18a, while with high-frequency current the electrons are concen¬ 
trated near the surface of the wire and practically no electrons flow at the 
center of the wire, as is shown in Fig. 2-186. This reduces the effective 
area of the conductor and thereby increases its effective resistance. 

Another cause of the increased effective resistance at high frequencies 
is the eddy currents that are set up by voltages induced in the conductor. 
These voltages are induced by the concentric magnetic fields of varying 
strength that are set up around the conductor. These eddy currents do 
no useful work but they cause additional heating of the conductor and 
are considered as a loss. Therefore, eddy currents produce the same 
effect as an increase in resistance. 

At high frequency, it is common practice to combine all the resistance 
effects, that is, the d-c or ohmic resistance, the skin effect, and the eddy- 
current effect, into a single value called the orc resistance of the coil. 
This a-c resistance of a coil increases as the frequency at which the coil is 



Fig. 2-18.—Distribution of 
tho electrons over the area of a 
conductor carrying a current, 
(o) For direct current and low- 
frequency alternating current, 
(6) for high-frequency currents. 
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operated is increased. The skin effect, and hence the a-c resistance, 
increases at a greater rate for large conductors than for small ones. In 
order to reduce the value of the a-c resistance, a special type of conductor 
called litz wire is made by weaving a large number of small insulated 
wires to form the conductor. As the individual wires are insulated, they 
act as separate conductors and will result in a fairly uniform distribution 
of current at broadcast and even at short-wave frequencies but are not 
highly effective for ultrahigh frequencies. Another method used to 
reduce the value of the a-c resistance is to use hollow conductors or thin, 
flat, strip conductors. The litz wire is used mostly for receivers, while 
the hollow conductor is used mostly for transmitters. 

Distributed Capacitance. The distributed capacitance effect is 
described in Art. 2-16, and its effect is minimized by special methods of 
winding the coils, as has been explained in Art. 2-7. 

Color Codes. The leads of transformers are generally marked in 
accordance with the RMA color code as shown in Appendix X. 

2-10. Capacitors. Capacitance is present in practically all a-c 
circuits; in some instances it is desired, while in others it is not. In many 
radio circuits it is desired, and in such cases a special device called a 
capacitor is used to obtain the amount of capacitance desired. The 
capacitor is also known as a condenser, but even though the name conden¬ 
ser is used considerably, capacitor is the better name and is rapidly 
becoming the more popular. 

Characteristics of Capacitance. Two of the characteristics of capaci¬ 
tance that are important to the study of radio are: (1) capacitance 
opposes any change in the amount of voltage of its circuit; (2) when a 
voltage is applied to a capacitor, a quantity of electricity is stored in 
the capacitor, which may later be discharged. 

A Simple Capacitor. A capacitor is formed when two conductors are 
placed close to one another but separated by an insulator. The conduc¬ 
tors are generally made of thin plates in order to obtain sufficient area, 
and the insulator, also called the dielectric, is a thin piece of insulating 
material. 

This device is capable of storing an electrical charge when a difference 
of potential is applied to its terminals. The amount of charge stored in 
the capacitor is a measure of its capacitance and is expressed by 

0 = 1 (2-17) 

When a capacitor is charged, an electrostatic field will exist about its 
conductors. The energy in a capacitor is stored in this electrostatic 
field; the amount of energy stored is dependent upon the capadtance 
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(2-18) 


*vnere C = capacitance, farads 

Q = charge in the capacitor, coulombs (ampere-seconds) 

E = charging potential, volts 

W = energy of the electrostatic field, watt-seconds (joules) 

Unit of Capacitance, Capacitance is the property of a circuit that 
opposes any change in the amount of voltage. The unit of capacitance is 
the farad and a circuit is said to have a capacitance of one farad when a 
voltage changing at the rate of one volt per second causes an average 
current of one ampere to flow. The farad, however, is too large a unit 
for practical purposes and the microfarad (10”® farad) and micro-micro^ 
fartul (10”^^ farad) are commonly used. These subunits are generally 
abbreviated and appear as /if and /i/if respectively. 

Factors Affecting the Capacitance, The capacitance depends upon the 
area of the plates, the kind of material used as the dielectric, and the 
thi(;kness of the dielectric. Their relation to the capacitance is expressed 
by the (‘(piation 

C - ^ ^ - ■) (2-19) 


wlu^re C = capacitance, microfarads 

K = dielectric constant (see Appendix VII) 

A = area of one plate, square inches 
t = thickness of the dielectric, inches 
N = number of plates 

Example 2-11. A capacitor is made up of 103 plates of lead foil, each 2 inches 
square, and separated by layers of mica 0.01 inch thick, (a) What is its capacitance? 
(6) What change is produced in the capacitor when it is connected across a 300-volt d-c 
source of power? (c) If the charging current could be maintained at 6 ma, how 
long would it take to charge the capacitor? (d) How much energy is stored in the 
capacitor? 


Given: 

Find: 

K « 6.6 

(a) C 

A 2 X 2 square inches 

(V) Q 

N * 103 plates 

(c) Time 

t « 0.01 inch 

(d) W 

E 300 volts 


• I « 6 ma 
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Solution: 


(а) 

( б ) 
(c) 

(<i) 


22.45KA(N - 1) 
10 »« 


22.45 X 5.5 X 2 X 2 X 102 


= 0.050 /if 


Q = CE = 0.050 X 10-» X 300 


10“ X 0.01 
= 0.000015 coulomb (amp-sec) 


Time = ^ 00^5 ^ ^ 

amperes 0.005 


CE^ 0.050 X lO-* X 300 X 300 


ir = - = 


= 0.00225 watt-second 


2-11. Capacitive Reactance and Angle of Lead. When a voltage is 
applied to the plates of a capacitor, a current will flow momentarily and 
cause the plates to become charged, one negative and the other positive. 
The negative plate will have an excess of electrons, and if a higher voltages 
of the same polarity is applied to the capacitor, the effect will be to tend 
to increase the number of electrons on that plate. Since the plate 
already has an excess of electrons, its action will tend to oppose the 
increase. This corresponds with the definition that capacitance opposes 
any change in the amount of voltage. However, if the increased voltage 
is maintained, it will in a short time cause additional electrons to be 
transferred from one plate to the other. From this it can be seen that 
capacitance offers an opposition to the flow of current and also delays 
the change in voltage. 

Capacitive Reactance. The opposition to the flow of alternating cur¬ 
rent offered by a capacitor is called capacitive reactance. It is expressed 
in ohms and its symbol is Xc- The value of the capacitive reactance is 
affected by two factors, (1) the capacitance of the circuit and (2) the rate 
or speed at which the voltage is changing, which is proportional to the 
frequency. The effect of these two factors upon the capacitive reactance 
is shown by the equation 


or 


Xc = 
Xc = 


10 « 

2ir/C 

169,000 

fC 


(2-20) 

(2-20a) 


where Xc = capacitive reactance, ohms 
/ = frequency, cycles per second 
C = capacitance, microfarads 

If an a-c circuit were assumed to consist of capacitance only, the 
amount of current flowing in such a circuit would be 


Ic = 


Ec 

Tc 


(2-21) 


where Ic = current in the capacitor circuit, amperes 
Eo = voltage across the capacitor, volts 
Xc » reactance of the capacitor, ohms 
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In actual practice, capacitors always have some resistance which, in 
most cases, is so small compared to the capacitive reactance that it is 
ignored. However, if the resistance of the capacitor is to be considered, 



(c) 


Fia. 2-19.—Methods of illustrating the leading current caused by capacitance, (a) The 
circuit, {b) vector diagram, (c) sine-wave diagram. 

its ohmic effect must be combined with the capacitive reactance; the 
combined effect is called the impedance. Mathematically, it is equal to 

Zc = y/Rc^ + Xc^ (2-22) 

where Zc = impedance of the capacitor, ohms 

Rc = equivalent series resistance of the capacitor, ohms 
Xc = reactance of the capacitor, ohms 
Angle of Lead. When an a-c circuit contains capacitance only, the 
voltage lags the current by 90 electrical degrees. This may also be 
stated as, the current leads the voltage by 90 electrical degrees. This 
effect may be shown by the sine-wave diagram of Fig. 2-19c or by the 
vector diagram of Fig. 2-196. 
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If the resistance of the circuit is to be considered, the angle of lead 
will decrease as the resistance increases. The angle of lead can be deter¬ 
mined by the equation 

cos flc = & (2-23) 

or cos 6c == — -=^:S========z (2-23a) 


(2-23) 

(2-23a) 


where dc = angle of lead, degrees 

cos 6c = cosine of the angle 6, from table of cosines Appendix XII 

Example 2-12. What is the reactance, impedance, current, and phase angle of 
a 10-/xf capacitor when connected to a 110-volt, 60-cycle line? Note that the capaci¬ 
tor is not a perfect one and that its resistance has the same effect as a 10-ohm resistor 
connected in series with the capacitor. 


Given: 

C = 10 Mf 
Ec “ 110 volts 
/ = 60 cycles 
Rc == 10 ohms 


Find: 

Xc =* ? 
Zc =* ? 
Ic = ? 
=* ? 


Solution; 


159,000 159,000 


265 ohms 


fC 60 X 10 

Zc = VRc^ + Xc‘ = Vl0» -t- 265» = 265.2 ohms 
j Ec 110 a At A 


COS Be — 


0.0377 


- Zc 265.2 ' 

Be =* 88° (from Appendix XII) 

2-12. Capacitors Connected in Series or Parallel. When two or more 
capacitors are connected in series, the capacitance of the circuit will be 


l-ulo.! 

Cl C* C, 


(2-24) 


This equation is often used in a simplified form for circuits containing 
only two capacitors coimected in series, as 


When two or more capacitors are connected in parallel, the capaci¬ 
tance of the circuit will be 


Cr - Cx -b C, -H C, 


( 2 - 26 ) 
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Example 2-13. It is desired to increase the capacitance of a circuit containing 
one 10-/if capacitor so that the circuit will have a capacitance of 15 /if. This is to be 
done by adding a capacitor to the circuit, (a) Should the added capacitor be con¬ 
nected in series or in parallel with the original capacitor? (6) What value should the 
added capacitor have? (c) If the capacitor had been connected in series instead of 
parallel or vice versa what would be the capacitance of the circuit? (d) What kind 
of circuit would be required if the desired capacitance were 8 /if ? (e) “What value of 

capacitor would have to be added to obtain the capacitance desired in part (d)? 


Given: 

Cl - 10 /if 

(6) Cr =“ 15 /if 
(e) Cr * 8 /if 


Solution: 


(a) Parallel 


()>) 

(c) 

(d) 


Ca = Ct - Cl 
^ « CIC2 
*“Ci+C; 
Series 

CtCi 


Ca 


Ct 


15 - 10 
10 X 5 
10 + 5 


» 5 /if 
3.33 /if 


8 X 10 
10-8 


40/if 


Find: 

(a) Connection « ? 

(b) Ca = ? 

(c) Cr » ? 

(d) Connection = ? 

(e) Ca - ? 


2-13. Commercial Capacitors. Classification of Capacitors. Capaci¬ 
tors are manufactured in various forms and may be divided into two 
fundamental classes, namely, fixed capacitors and variable capacitors. 
The fixed capacitors may be further classified as to the type of material 
used for the dielectric, such as mica, paper, oil, and electrol 3 d«s. 

Mica Capacitors. Mica capacitors are made by stacking a number of 
thin tin-foil (or aluminum-foil) plates and sheets of mica in alternate 
layers. As mica can be split into thin sheets, it is an excellent material 
for use as the dielectric. Mica capacitors have low losses and will with¬ 
stand higher voltages than paper capacitors. Commonly used sizes 
range from 0.00005 to 0.02 microfarad and are usually enclosed in a 
molded Bakelite container to keep out moisture. Their capacitance and 
voltage rating are generally indicated on the capacitor by the RMA color 
code (Appendix IX). 

Paper-dielectric Capacitors. Paper-dielectric capacitors are usually 
made with tin-foil conductors or plates and some form of specially treated 
paper for the dielectric. The tin foil and paper are cut in long narrow 
strips and are then rolled together to form a more compact unit. As even 
high-quality paper may contain tiny holes, it is common practice to use 
several layers of thin paper as the dielectric. The leads of this type of 
capacitor are usually soldered in such a manner that each turn of a com 
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ductor (plate) is connected to its lead in order to reduce the inductive 
effect of the various turns. 

Paper capacitors are used extensively in radio work because they are 
smaller and less expensive than mica capacitors; however, they have 
higher losses than mica capacitors. Commonly used sizes range from 
0.0002 to several microfarads and they are generally placed in a metal or 
cardboard container and sealed with wax or pitch to keep out moisture. 


D/ekcfric 



(a) 



Fig. 2-20.—Typical construction of capacitors, (a) Mica-dielectric capacitors, (jb) paper- 

dielectric capacitors. 


Oilrdielectrie Capacitors. In radio transmitter circuits it is not 
unusual to have voltages above 600 volts, and \mder such conditions 
paper capacitors will not have a very long life. In such cases, special 
capacitors are used, with oil or oil-impregnated paper as the dielectric. 
These capacitors are more expensive and are used mostly in transmitters. 

Electrolytic Capacitors. An electrolytic capacitor conasts of two 
metallic plates separated by an electrolyte. From the description of the 
action and construction of capacitors, it might seem that the purpose of 
the electrolyte is to act as the dielectric or insulator. Th^ supposition 
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is inaccurate in that the electrolyte is not the actual dielectric material but 
is the negative electrode. The dielectric consists of an extremely thin 
oxide film that is formed on the surface of the positive plate of the capaci¬ 
tor. This is due to the peculiar characteristic of aluminum and a few 
other metals that causes a nonconducting film to be formed on their 
surfaces when they are immersed in certain electrolytic solutions and a 
current is passed through the metal and the electrolyte. 

Electrolytic capacitors have the advantage of being small in size and 
low in cost and of possessing certain self-healing qualities. A disadvan¬ 
tage is that most electrolytic capacitors must be connected to a constant 
polarity and hence can be used with direct current or intermittent direct 
current (rectified alternating current) only. Electrolytic capacitors may 
be of either the wet or dry type and are commonly used in sizes ranging 
from 1 to 50 microfarads. 

Wet Electrolytic Capacitors. The electrolyte used in wet electrolytic 
capacitors is always in liquid form, and the container must therefore be 
made leakproof. In most wet-type capacitors, the container also serves 
as the negative electrode, since it makes direct contact with the elec¬ 
trolyte. The positive electrode is generally made of a thin aluminum 
sheet arranged in some special manner to obtain a large surface area. 
The electrolylic solution is generally a concentrate of a borate, phosphate, 
citrate, silicate, etc., of sodium or ammonia dissolved in water. Wet 
electrolytic capacitors are generally cylindrical in shape and should always 
be mounted in a vertical position. 

Dry Electrolytic Capacitors. By using a jellylike electrolyte, elec¬ 
trolytic capacitors can be constructed in a dry form. They are considered 
dry in the same sense that dry cells are considered dry, that is, because 
the electrolyte cannot be spilled or poured from its container. Dry 
electrolytic capacitors provide high values of capacitance in relatively 
small dimensions and are the most economical type for many applica¬ 
tions. Most of the electrolytic capacitors used in radio are of the dry 
type. In general, a dry electrolytic capacitor consists of a positive foil, 
a negative foil, and a separator containing an electrolyte, which are all 
woimd into a roll and provided with means for electrical connection, 
housing, and mounting. 

The positive foil, usually made of aluminum, is subjected to a special 
electrochemical forming process, which completely covers it with an 
extremely thin oxide film. The natiu'e and thickness of this film will 
govern its voltage and capacitance per imit area. The separator is made 
of some absorbent material, usually gauze, paper, nonfibrous cellulose, 
or various combinations of these. It serves to hold the electrolyte in 
position and also keeps the positive and negative foils from making 
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physical contact. The electrolyte consists of a chemical solution essen¬ 
tially similar to a dry paste and serves as the negative electrode. In 
addition, it tends to maintain the film on the positive electrode. The 
negative foil, generally aluminum, is usually unformed and acts merely 



PosiHve Bakeiih 
/ug _ :\oltscs 


Aiuminum can. 



Negative terminal 
and mounting ears 


Cartridge 


ih) 


Fio. 2>22.—Cross-section view showing the construction of electrolytic capacitors, (a) 
Wet electrolytic, (6) dry electrolytic. 


as a means of malcin g contact with the electrolyte, which is the negative 
electrode of the capacitor. 

Dry electrolsdiic capacitors may be housed in cardboard tubes, card¬ 
board cartons, and round or rectangular metal cans. Various types of 
mounting features are available, and either soldering lugs, screw termi¬ 
nals, or flexible leads are provided for external connections. As there is 
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no danger of the electrolyte leaking out, dry electrolytic capacitors may 
be mounted in any position. 

Capacitor Blocks, Radio receivers generally require a number of 
capacitors and, in order to conserve space and to reduce cost, it has been 
found advantageous to build several capacitors in a single container. 
The unit is then referred to as a dual, a triple, or a multiple unit, or as 
a capacitor block. 

Variable Capacitors. In certain parts of a radio circuit it is necessary 
to use a capacitor whose capacitance can be varied or adjusted to meet 
the needs of the circuit in which it is used. A variable capacitor or an 
adjustable capacitor may be used for this purpose. 



Carton type Tubular type Round metal type 

{h) 

Fia. 2-23.—Typical electrolytic capacitors, (a) Wet electrolytic, (6) dry 
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A variable capacitor consists of two sets of plates a rotating set 
called the rotor, and a stationary set called the stator. The capacitor is 
so constructed that the rotor plates will move freely in between the 
stator plates, thus causing the value of capacitance to be varied. The 
capacitance is affected by the area of the plates actually in mesh and by 
the air space (dielectric) between the plates. The thickness of the plates 
has no effect on the capacitance, and the thickness used is determined 
largely for the strength and ruggedness of the capacitor. 

Ranges of Variable Capacitors. For ordinary broadcast reception, 
the capacitors used will range from 250 to 500 /i/xf (maximum values when 
all of the rotor plates are in mesh with the stator). For short-wave 
reception, the capacitance is generally 150 npi or less. For high fre¬ 
quencies and ultrahigh frequencies, midget capacitors, whose maximum 
values range from 25 to 150 pgi, are used. When a smaller capacitance 
is required, microcapacitors are used. Microcapacitors have a maximum 
capacitance as low as 5 piii. 

Oilier Variable Capacitors. Multiple or gang capacitors are used 
when it is desired to vary the capacitance in several circuits by means 
a single dial. They consist of two or more capacitors mounted on a 
single shaft. 

Split-stator capacitors are used when it is necessary that the 
capacitance of a circuit be perfectly balanced. The stator of this type 
of capacitor is separated into two equal parts, each half being electrically 
insulated from the other. 

Capacitors with a large number of plates may be constructed with 
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half of the stator and lotor plates mounted 180 degrees mechanically 
from the other half in ordei to achieve mechanical balance 

Transmittinq cAPACirous are generally constructed with a larger 
air gap because the voltage between plates is considerable higher than 
that used in leceiveis. 

Adjusiauli: capacitors consist of two plates separated by a mica 
sheet and are so constructed that the distance separating the two plates 



Fio. 2-24.—Commercial types of variable capacitors, (a) Standard-siase single broad¬ 
cast capacitor, (&) midget split-stator capacitor, (c) midget single capacitor, (d) micro 
capacitor. {Courtesy of Hammarlund Manufacturing Company^ Inc,) 

can be varied by adjusting a small setscrew. They can be obtained with 
a minimum capacitance as low as 0.5 ju/d and maximum capacitances as 
high as 10 nfif. 

2-14. Operating Characteristics of Capacitors. Losses. The losses 
in a capacitor consist of leakage, dielectric, and resistance losses. The 
three are usually combined and called the capacitor losses. At low fre¬ 
quencies the effect of the losses are so small that they are usually neg¬ 
lected. At high frequencies the losses are often considered in circuit 
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analysis and the circuit is then considered as a capacitor and resistor 
connected either in series or parallel, depending upon the type of circuit 
(Art. 2-25). 

Voltage Ratings of Capacitors, Capacitors are rated for the maximum 
voltage at which they may be safely operated as well as for their capaci¬ 
tance. The voltage rating is usually specified for two conditions: (1) 
the d-c working voltage; (2) the a-c working voltage. The d-c working volt¬ 
age rating is 1.414 times as great as the a-c working voltage. For 
example, a capacitor rated at 450 
volts d-c will have an a-c rating of 
318 volts. 

Polarized Capacitors, In radio 
applications, electrolytic capacitors 
are limited to circuits that are po¬ 
larized, although the circuits may 
also contain small a-c components. 

For this reason, most electrolytic 
capacitors are usually polarized, that 
is, one terminal is marked positive 
and the other negative. Polarized 
capacitors should not be subjected to 
reversed polarity, as a heavy cur¬ 
rent will pass through the capacitor 
under this condition and may cause 
serious damage to the unit. 

Nonpolarized Capacitors, Cer¬ 
tain types of dry electrolytic capaci¬ 
tors are so constructed that they 
operate equally well on either po¬ 
larity of a d-c line. However, they 
are not designed for alternating currents and therefore should not be 
used on a-c circuits. Nonpolarized capacitors are used wherever the sup¬ 
ply voltage may become reversed and remain so indefinitely. 

2-16. Distributed Capacitance. Two conductors separated by an 
insulator form a capacitor, and, if an alternating current is impressed 
across these two conductors, capacitor action will result. Because of 
this, any inductance coil will have capacitances between adjacent turns, 
capacitances between nonadjacent turns, capacitances between terminal 
leads, and capacitances between the ground and each turn. The total 
effect produced by these capacitances can usually be represented by a 
single capacitance of the equivalent value. This is generally called the 
distributed capacitance of the coil. 



Fia. 2 - 26 .—Commercial types of 
adjustable capacitors. (Courtesy of Ham- 
marlund Manufacturing Company^ Inc,) 
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Effects of Distributed Capacitance, One effect of distributed capaci¬ 
tance is to by-pass a certain amount of the radio-frequency currents. 
The amount of r-f current that is by-passed increases directly with the 
frequency. At low frequencies, the effect is negligible and can be ignored. 
At high frequencies, the distributed capacitance causes a loss of energy, 
which also increases directly with the frequency. This loss in energy is 
equivalent to a resistance loss and produces the same effect as if the 
effective resistance of the coil was increased. 

Another effect of distributed capacitance is the manner in which it 
affects the tuning circuit. The distributed capacitance acts as a capacitor 
connected in parallel with the variable tuning capacitor, thus increasing 
the effective capacitance of the circuit. 
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Fiq. 2-26.—Distributed capacitances of a coil. 

Distributed capacitance sometimes produces another effect since the 
distributed capacitance and coil form a parallel resonant circuit that will 
be resonant at some rather high frequency. At this frequency, oscillating 
currents will circulate in the winding and the distributed capacitance, 
thereby causing unstable operation of the circuit. 

2-16. Electric Circuits. An electric circuit is the path taken by an 
electric current from its source through all of the components of the cir¬ 
cuit and back to the source. 

Classification of Circuits, When a circuit contains only one circuit 
element, it is called a simple circuit. When a circuit contains two or more 
circuit elements, it may be either a series, parallel, series-parallel, or 
parallel-series circuit. 

A series circuit consists of two or more elements connected end to end 
so that the current will pass from one circuit element on to the next, 
etc., until the path has been completed (see Fig. 2-27). 

A parallel circuit consists of two or more elements connected so that 
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the current will have as many paths as there are circuit elements (see 
Fig. 2-28). 

A series-parallel circuit consists of one or more parallel groups con¬ 
nected as part of a series circuit. 

A parallel-series circuit consists of one or more series groups connected 
as part of a parallel circuit. 

In addition to the above classifications, circuits may also be classified 
according to the kind of current applied to the circuit, that is, as either 
direct-current or alternating-current circuits. 

2-17. Direct-current Circuit Calculations. The most important 
characteristics of a d-c circuit are the resistance, current, voltage, and 
power of its various parts and of the complete circuit. A definite relation 
exists between the current, voltage, and resistance. This relation is 
commonly called OhnCs law and is stated as: the current flowing through 



Fig. 2-27.—Typical series circuit. 


any resistance will be equal to the voltage across that resistance divided 
by the ohms of that resistance. This is expressed mathematically as 

/ = I (2-26) 

The power may be expressed in terms of voltage, current, and resist¬ 
ance in the following forms: 

Jp2 

P ^ El or P ^ PR or ^ % (2-27) 


Simple Circuit As the simple circuit has only one circuit element, 
all the circuit characteristics can be obtained by use of Eqs. (2-26) and 
(2-27). 

Series Circuit The equations used to express the relation between 
the current, voltage, resistance, and power of the simple circuit may be 
used for the series circuit in the following manner: 

/ = I (2-26) 





(2-26a) 
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P^EI 


Pi = eth 


or 

P = PR 

or P = 

n 

(2-27) 

or 

Pi = fiVi 

or Pi = 

= £i! 

r. 

(2-27o) 


In the above equations the capital-letter symbols refer to the values 
of the complete circuit and the small-letter symbols refer to the values of 
the individual circuit elements. 



Fig. 2-28.—Typical parallel circuit. 

The relation between the values for the complete circiuit and for the 
individual circuit elements for each of the various quantities is expressed 
by the following equations. 


72 = ri + r2 + r3- 
JS/ = Cl + 62 + Cs ‘ 
/ = ti = U = u • 

P = Pi + P2 + p3 


(2-28) 

(2-29) 

(2-30) 

(2-31) 


Parallel Circuit, The relation between the various quantities of the 
parallel circuit is expressed by the following equations. 



R 


(2-26) 

/ - 

ri 

II 

. 68 

23 = — • • • 

Ts 

(2-26o) 

P ^ El or 

P = PR 


(2-27) 

= eiii or 

Pi = fiVi 

or Pi = ^ 

ri 

(2-27o) 


The relation between the values for the complete circuit and for the 
individual circuit elements is expressed by the following equations. 


Ill 
ri r2 fa 

-E = Cl 62 = 6a 


(2-32) 


(2-33) 
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/ = 1*1 + ^2 + is ’ • * (2-34) 

P = Pi + P2 + ?>3 * * * (2-31) 

When the parallel circuit contains only two circuit elements, Eq. (2-32) 
may be expressed as, 

R = —^ (2-32a) 

ri+ri ^ ' 

r. . ^ (M2i) 

Series-parallel Circuit As this type of circuit is a combination of 
both the series and the parallel circuits, its solution involves both series 
and parallel principles. The first step is to calculate the combined 
resistance value of each parallel group. The circuit may then be con¬ 
sidered as a series circuit. When the voltage across each parallel group 
has been found, it will then be possible to calculate the current and the 
power for each element in the parallel groups. 

As the variety of series-parallel circuits is innumerable and as no 
single set of equations will satisfy all cases, the following example is pre¬ 
sented to illustrate the general procedure of solution which may be applied 
to any series-parallel circuit. 

Example 2-14. Calculate the resistance, current, and power of the circuit shown 
in Fig. 2-29. Also calculate the current in each resistor and the power consumed by 
each. 


Given: 



Fio. 2-29. 



* 10 ohms 
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The circuit may now be represented by an equivalent series circuit as shown in 
Fhj. 2-30. 



Fig. 2-30. 



ParalleUseries Circvit. This circuit is also a combination of both 
series and parallel circuits and involves the principles of each in solving 
for its characteristics. The first step is to calculate the combined resist¬ 
ance value of each series group. The circuit may then be considered as 
a parallel circuit. 

As the variety of parallel-series circuits is innumerable and as no 
single set of equations will satisfy all cases, the following example is 
presented to illustrate the general procedure of solution which may be 
applied to any parallel-series circuit. 


Example 2-15. Calculate the resistance, current, and power of the circuit shown 
in Fig. 2-31a. Also calculate the current, voltage, and power of each resistor. 
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Given: 


GRl GR-2 GR-3 



Fig. 2-31a 


Solution: 

RoR ‘1 " ?*i “}■ r 2 "h “ 10 "1“ 5 4“ 10 = 25 ohms 
Rgr 2 ~ ^4 4" ^5 " 75 4" 25 = 100 ohms 
RuR-i — re 4“ ^7 10 "f" 10 = 20 ohms 

The circuit may now l)e represented by an equivalent parallel circuit as shown in 
Fig. 2-316. 



Fig. 2-315 



e, = tin =■ 4 X 10 •= 40 volts 
62 ■= tVt = 4 X 5 = 20 volts 
6 < - ur, = 4 X 10 = 40 volts 

64 - t 4 r 4 - 1 X 75 = 75 volts 

e, « nre - 1 X 25 =■ 25 volts 

66 - i.*-, - 5 X 10 - 50 volts 

67 8 * tjfj « 5 X 10 50 volts 

p, « e,ii - 40 X 4 = 160 watts 

p, « 6272 => 20 X 4 = 80 watts 

p. - 6 , 1 , - 40 X 4 =* 160 watts 
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P 4 =« €4^4 75 X 1 *“ 75 watts 

Pi — CiH = 25 X 1 =*25 watts 
p« *= etu =* 50 X 5 = 250 watts 
P 7 “ erir *= 50 X 5 « 250 watts 

2-18, Alternating-current Circuit Calculations. The Sine Wave, 
An alternating current (or voltage) is one that is continually varying in 
magnitude and alternating in polarity (direction of flow) at regular 
intervals (see Fig. 2-32). Although not always true, most alternating 
currents are considered to vary according to a sine wave and accordingly 
are referred to as sine-wave currents (and voltages). When sine-wave 
currents and voltages are considered, the circuit calculations are most 
generally based on the effective value, although occasionally the maxi¬ 
mum or the average value may be used. The numerical relationship 
between the maximum, effective, and average values is shown in Fig. 



Fig. 2-32.—Relative values of an alternating sine-wave voltage (or current). 


2-32. The development of these relationships can be found in the 
authors’ Electrical EssenticUs of Radio. 

Circuit Characteristics. The important characteristics of a-c circuits 
are the resistance, inductance, capacitance, impedance, current, voltage, 
frequency, power, power factor, and phase angle of its various parts and 
of the complete circuit. A definite relation exists between the current, 
voltage, and impedance. This relation is commonly referred to as Ohm’s 
law for orc circuits and may be stated as: the current flowing through any 
impedance will be equal to the voltage across that impedance divided by 
the ohms of that impedance. This may be expressed mathematically as 



(2-35) 
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The power may be expressed in terms of the current and resistance as 

P = PR (2-27) 

As resistance is the only kind of circuit element that consumes 
power, only the value of R can be used in this equation, and care should 
be exercised that it is not confused with Xl, Xc, or Z, which are also 
expressed in ohms. 

The power may also be expressed in terms of voltage, current, and 
power factor as 


P = JS; X / X P*F (2-36) 

The power factor may be expressed in terms of power, voltage, and 
current as 

The power factor may also be expressed in terms of resistance and 
impedance as 

P-F = I (2-370) 

The power factor may also be found from the phase angle, as 

P-F = cos e (2-376) 

The phase angle may be obtained by reference to the cosine tables 
(Appendix XII). When the power factor, which is equal to the cosine 
of the phase angle, is known, the angle corresponding to that value may 
be obtained from the cosine table. 

Simple Circuit. As the simple circuit has only one circuit element, 
the current can be obtained by use of Eq. (2-9), (2-21), or (2-26): 


j. El 

““ Xl 

(2-9) 

j Ec 

I C 

Ac 

(2-21) 

J 

(2-26) 

The power may be found by 


P = PR 


P = EXIXP-F 

(2-36) 
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The power factor may be found by 


p 

P-F = 

EXI 

(2-37) 

II 

(2-37a) 

The phase angle may be found from the power factor value and the 

cosine tables (Appendix XII). 


Series Circvit. Most of the equations used for the solution of the 
simple circuit also apply to the series circuit, as may be seen in the 

following list of equations for the series circuit. 


II 

(2-35) 

. _ e . _ e • _ c 

(2-38) 

r Xl Xc 

P = PR 

(2-27) 

P = E X I XP-F 

(2-36) 

P 

P-F = 

EXI 

(2-37) 

P-F = - 

Z 

(2-37a) 

In the above equations the capital-letter symbols indicate the values 
of the complete circuit and the small-letter symbols indicate the values 

of the individual circuit elements. 


The relation between the various quantities for the complete circuit 
and for the individual circuit elements is expressed by the following 

equations. 


R = ri + r2 + Ts • • • 

(2-28) 

Xl = Xli + Xl2 + Xl$ • * • 

(2-39) 

Xc = Xci 4" XC 2 4“ Xcz * * * 

(2-40) 

z = VWTJXT^ XcY 

(2-41) 

^ 4- ^2 4“ ^3 • • • (added vectorially) 

(2-42) 

/ = Zl =^2 = ^3 ’ * * 

(2-30) 

p = Pi 4- P2 4- P3 . . . 

(2-31) 

Example 2-16. The series circuit shown in Fig. 2-33 is connected to a 150-volt, 
60-cycle power line. Find: (a) the resistance of the circuit; (6) the inductive react¬ 
ance of the circuit; (c) the capacitive reactance of the circuit; (d) the impedance of the 

circuit; (e) the line current and the current in each circuit element; 

(/) the voltage 

across each circuit element; {g) the line voltage from the voltages across each circuit 
element; Qi) the power consumed by each circuit element; (t) the line power; (j) the 
power factor of each circuit element; (A;) the power factor of the line; if) the phase 

angle between the line current and line voltage. 
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Xi^,j^ 60 /i rji^ZSn X^.x^fOO/i 

^.-«/- 4^—e2--4*-—ej—A 


/so volts 
60 cycles 


J_ \\ _ 


-es -^ 


X^,2~S0a r2~ISA 

Fio. 2~33. 

Solution: 

(а) /2 » ri + r2 “ 25 -f 15 = 40 ohms 

(б) Xh *= Xli + XLt = 60 + 120 *= 180 ohms 

(c) Xc = Xci 4- Xc 2 = 100 4- 50 = 150 ohms 

(d) Z = v ft* = Vi0«ni^~^^TW = 50 ohms 

j E 150 - 

(e) ^ ^ = -go = 3 amp 

ii = ^2 = U = ^4 = ^6 = ^*6 = / “3 amp 
(/) Cl = iiXLi *= 3 X 60 as 180 volts 
62 = 12^1 = 3 X 25 ~ 75 volts 
€z s= iiXci = 3 X 100 ~ 300 volts 
64 = t4r2 as 3 X 15 « 45 volts 
66 a= tftX£2 as 3 X 120 = 360 volts 
6® =s teXc 2 *a 3 X 50 = 150 volts 

(g) E *a* 's/Er^ -f- (ExL ~ ExcY = V^(C2 4 - C4)* 4 " (Cl + C6 —• 6* — 64)* 

« \/(75 4- 45)* 4- (180 4- 360 - 300 - 150)* 
as \/l202 4- 902 » 150 volts 

(h) Pi as iiVjr 1 = 32 X 0 as 0 watts 
P 2 “ ^ 2^1 as 32 X 25 as 225 watts 
Pz as tsVm as 3* X 0 as 0 watts 
Pi as 1 * 4^2 « 3* X 15 a= 135 watts 
Pi as t 62 rz ,2 as 32 X 0 as 0 WattS 
Pz as b 32 X 0 a 0 WattS 

(t) P as pi 4- P2 4- P8 4- P4 4- P6 4- P6 

a« 0 4- 225 4- 0 4- 135 + 0 H- 0 as 360 watts 

0-) p-f.-g = ^o-o 


(A) Pf 

P2 a 
Pa a 
Pi = 
Pfi a 
p« a 

(t) p» 

a 

O') p-fi 


0 
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(*) P-F - I = = 0.800 

(/) e ^ the angle whose cosine is equal to the power factor. 

« cos“^ 0.800 “ 37° lagging current (Appendix XII) 

(Note: The current lags the voltage because Xl is greater than Xc.) 


The above example illustrates all the series-circuit calculations. 
In practical problems it is usually only necessary to find several of these 
calculated values, and those not required may be omitted. 

Parallel Circuit The relation between the various quantities for 
the parallel circuit is expressed by the following equations. 


7 = ^1+ t2 + is •• • (added vectorially) 
e . e . e 

t = -) z = —f i = — 

r Xl Xc 


p = 
p = 

P-F = 


Z = ^ 


Pl + Pi +P3 

F X J X P-F 
P 

EXI 

E 

I 


(2-43) 

(2-38) 

(2-31) 

(2-36) 

(2-37) 

(2-44) 


The relation between the various quantities for the complete circuit 
and for the individual circuit elements is expressed by the following 
equations. 


R = 

Xt = 


- + - + - 
ri n rz 


XlI Xl2 XlZ 


Xc = 


J_ ++ 

Xoi Xcz Xcz 


= 6i = e* = 


(2-32) 

(2-45) 

(2-46) 

(2-33) 


Example 2-17. The parallel circuit shown in Fig. 2-34 is connected to a 20(V-volt, 
60-cycle power line. Find: (a) the current flowing in each branch of the parallel 
circuit; (6) the line current; (c) the power taken by each branch; (d) the power taken 
by the whole circuit; (e) the power factor of the circuit; (/} the impedance of the 
circuit. 
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Given; 



Solution: 

(а) ii = 

iz “ 
ii « 
ii = 

n = 

2g = 

(б) / = 

(c) Pi “ 

P3 * 

P2 “ 

(d) P- 

(e) P-F 
if) 


£i = 

ri 100 ’ 
eg ^ 200 
Xli 60 

£? =: ?2? 

7*2 50 

^ 200 
a;ci 

(?6 200 


2 amp 
s 3.33 amp 
= -«r = 4 amp 


100 = 2 amp 




' 4 amp 


66 ^ 200 
a;c2 50 

(ii -f* ta)* H” (H 4“ ^6 — ^4 — te)* 
V(2 + 4)* + (3.33 + 6.67 - 2 - 4)» 
-x/en^’ - 7.21 amp 
t’lVi « 2* X 100 =■ 400 watts 


4* X 50 =» 800 watts 

pg s Pq 8 0 watts (pure inductances and pure capacitances) 


' is^rz 
Pi “ 

Pi 4- P2 4" Pa 4“ P4 + p6 4- pi 
400 4-04-8004*0404-0 
P 1200 


1200 watts 


Win 

E m 
I “ 7.21 


200 X 7.21 ’ 
a 27.74 ohms 


0.832 


Combination Circuits. The series-parallel and the parallel-series 
circuits are generally referred to as combirujlion circuits. The presenta¬ 
tion of the method of solution of these circuits is too lengthy to include 
in this r4sum4, but if the solution of such circuits becomes necessary the 
method may be obtained from Chap. X of the authors’ Electrical Essen¬ 
tials of Radio. 

Since the parallel resonant circuit, actually a simple combination 
circuit, is used in many radio circuits, some of the important calculations 
for this circuit are included in Art. 2-21. 
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2-19. Resonant Circuits. Resonanco is a (nmdition that exists when 
the inductive reactance and the capacitive reactance of a circuit are 
equal. Therefore, a resonant circuit must contain both inductance and 
capacitance; it also contains at least a small amount of resistance because 
all inductors and capacitors have some resistance. Resonant circuits 
may be either of the series or parallel type. 

In a-c circuits, the current due to the inductive reactance lags its 
voltage by 90 degrees and the current due to the capacitive reactance 
leads its voltage by 90 degrees. The effects of the inductive reactance 
and the capacitive reactance are therefore 180 degrees out of phase with 
one another and the resultant effect is equal to their algebraic sum. 
If either the capacitor or the inductor of a resonant circuit is adjusted so 



circuit 2-series resonant circuit. 

that the individual reactances are equal at some frequency, the circuit is 
said to be in resonance. 

Classification of Resonant Circuits as Series or Parallel, Because 
resonant circuits form only a part of a complete radio circuit, it is some¬ 
times very difficult to determine whether the resonant circuit is to be 
considered as a series or a parallel type. Several resonant circuits 
(drawn in heavy lines) are shown in Fig. 2-35. The circuit shown in (a) 
is very readily recognized as being a series resonant circuit. The two 
resonant circuits of (6) appear to be parallel resonant circuits but actually 
circuit 1 is considered as a parallel resonant circuit and circuit 2 as a 
series resonant circuit. 

Circuit 1 is considered a parallel resonant circuit because it receives 
its electrical energy from the plate circuit of the tube to which it is con¬ 
nected. Circuit 2 is considered a series resonant circuit because no 
separate voltage is applied to the inductor and capacitor, but instead a 
voltage is induced in the inductor (secondary of an r-f transformer), 
which is then considered as a voltage connected in series with the inductor 
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and the capacitor. The following procedure will help to determine 
whether a circuit should be classed as parallel or series: (1) locate the 
inductive and capacitive components forming the resonant circuit; 
(2) locate the source of the alternating (or signal) voltage for these com¬ 
ponents; (3) determine whether the components are in series or parallel 
with the source of voltage. In radio circuits the signal voltage may be 
derived from any one of the following sources: antenna, output of a 
vacuum tube, or the induced voltage from other circuits. 

2-20. Series Resonant Circuits* A series resonant circuit generally 
consists of a fixed inductor and a variable or an adjustable capacitor 
connected in series with a source of alternating voltage. Typical series 



(a) (b) 


Fig. 2-36.—Equivalent circuits of typical resonant circuits, (a) Series, (5) parallel. 

resonant circuits are illustrated in Fig. 2-35a and circuit 2 of Fig. 2-356. 
The diagram shown in Fig. 2-3Ga is the equivalent circuit used to repre¬ 
sent either of the typical series resonant circuits of Fig. 2-35. The 
resistance R is not necessarily a separate resistor but generally represents 
the total resistance of the coil, the capacitor, and the conductors of the 
circuit. 

Relation between /, L, and C at Resonance, At resonance the inductive 
reactance is equal to the capacitive reactance; therefore from Ecjs. 
(2-8) and (2-20) this may be expressed mathematically as 

W - ^ (2^7) 

where /, = frequency of resonance, cycles 
L = inductance, henries 
C — capacitance, microfarads 

At radio frequencies, / is generally expressed in kilocycles, L in micro¬ 
henries, and C in microfarads. The commonly used equations for /„ 
L, and C are derived by substituting these units in Eq. (2-47), as 
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2.f,l0‘L10r> . 

(2-47o) 

or /,* = 

10« 10* 

(2-476) 

(2x)*10» X 10-« X lO’LC (2ir)*L(7 

and 

. 10» ' 159 

2x Vlc Vlc 

(2-48) 

From Eq. (2-48) 

25,300 

pc^ 

(2-49) 


25,300 
^ - Ir^L 

(2-50) 


where fr = frequency of resonance, kilocycles 
L = inductance, microhenries 
C = capacitance, microfarads 

Example 2-18. A series circuit has a fixed inductor of 250 fxln and a variable capaci¬ 
tor whose maximum capacitance is 350 ppf. (a) What is the resonant frequency when 
the capacitor is set at its maximum value? (6) To what value must the capacitor 
be adjusted in ord(T to make the circuit resonant with a. 1000-kc signal? 

Given; Find: 

L « 250 ph (a) fr ^ 

Cm»x = 350 ppf (6) (7 - ? 

(а) C = 350 ppf 

(б) fr = 1000 kc 

Solution: 


(o) fr 

Q>) C 



_159_ 

■n/250 X 350 X 10-‘ 


25,300 
1000* X 250 


101 Mft/ 


538 kc 


Impedance, Current, and Voltage Characteristics at Resonance. The 
impedance of the scries circuit is expressed by Eq. (2-41), as 


Z = y/R^ + (Xl - Xcy (2-41) 


Since resonance is a condition that exists only wh^n Xl and Xo are equal, 
it becomes apparent that the impedance of a series circuit is at its mini¬ 
mum value when the series circuit is at resonance. 

The current flowing in the circuit is equal to the voltage divided by 
the impedance, and when the impedance is at the minimum value the 
current will be at the maximum value. 

The voltage drop across the various parts of a series circuit is propor¬ 
tional to the resistance or the reactance of the individual parts. Since 
the inductive reactance and the capacitive reactance are equal, their 
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voltage drops are also equal and as they have a 180-degree phase differ¬ 
ence, their vector sum will be zero. Under this condition the resistance 
voltage drop must be equal to the line voltage. As the resistance of the 
series resonant circuit is generally very low compared to the reactance 
values it is evident that the reactance voltages will be higher tVi^ tn the 
resistance voltage and hence higher than the line voltage. The react¬ 
ance voltage drops will be greater than the line voltage by the ratio of 
the reactances to the resistance and may be expressed as 

Et = E ^ (2-61) 

Ec = E^ (2-52) 


As the ratio of Xt to 72 is generally referred to as the circuit Q, Eq. 
(2-51) may be expressed as 

E^ = EQ (2-53) 

The value of Q for series resonant circuits often exceeds 100, hence such a 
circuit can develop high reactive voltages from low values of signal 
voltage. 


Example 2-19. A series resonant circuit has a resistance of 10 ohms and an induc¬ 
tive reactance of 500 ohms at its resonant frequency. What is the voltage across the 
inductor, capacitor, and resistor if the applied voltage is 5 volts at a frequency equal 
to the resonant frequency of the circuit? 


Solution: 


Given: Find: 

72 * 10 ohms = ? 

Xl * 500 ohms Ec ^ *1 

7^ « 5 volts Er ? 


El == E^ ^ 5 ^250 volts 

Ec “ El (at resonance) » 250 volts 
Er = E (at resonance) * 5 volts 


2-21. Parallel Resonant Circuits. The Circuit. A parallel resonant 
circuit generally consists of an inductor and a capacitor connected in 
parallel across a source of alternating voltage. A typical parallel reso¬ 
nant circuit is illustrated by circuit 1 of Fig. 2-356. The equivalent 
circuit diagram is given in Fig. 2-366. Generally, most of the resistance 
of the circuit is in the inductor; the resistance of the capacitor is so small 
that it may be neglected. On this basis the circuit is considered as an 
inductor with a small amount of series resistance in one branch and a 
perfect capacitor in the other branch, as is shown in Fig. 2-366. 
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Relation between /, L, and C at Resonance. The relation between /, 
L, and C for a parallel resonant circuit is the same as for the series resonant 
circuit. These relationships have been expressed by Eqs. (2-48), (2-49), 
and (2-50). 

Impedance, Current, and Voltage Characteristics at Resonance. The 
parallel resonant circuit (Fig. 2-366) is actually a parallel-series circuit 
and its impedance may be expressed as 


Zr = 


ZiZ^ 

Z\ H- Z 2 


(2-54) 


where Zt = impedance of the parallel circuit 
Zi = impedance of branch 1 
Z 2 — impedance of branch 2 
+ Z 2 = vector sum, or series impedance of the circuit. 

As the resistance of the circuit is generally very low compared to the 
reactance (high circuit Q), the resistance may be neglected in the calcu¬ 
lation of Zi and Z 2 for the numerator of Eq. (2-54); Zi then becomes 
approximately equal to Xl, and Z 2 becomes nearly equal to Xc. The 
resistance must, however, be included in the denominator, for Zi + Z 2 
is equal to the impedance that the circuit would have if it were connected 
as a series circuit: [Eq. (2-41)] Z = \/R^ + {Xl — Xc)^. The imped¬ 
ance of the parallel resonant circuit may therefore be expressed as 


Z 


r-r 


XlXc 

Vr^ + {Xl. - Xcy 


(2-55) 


At resonance, Xl = Xc; therefore Eq. (2-55) may be expressed as 


Ztt —■ 


XlXl 

R 


= QXl 


(2-5G) 


Example 2-20. A parallel resonant circuit (Fig. 2-365), is resonant at a frequency 
of 1500 kc. The inductive reactance and the capacitive reactance at the resonant 
frequency are each 1000 ohms, and the resistance of the inductor is 10 ohms. (a) 
What is the impedance at resonant frequency? (5) What is the impedance at 1485 kc 
if the inductive reactance is then 990 ohms and the capacitive reactance is 1010 ohms? 

Given: Find: 

JR ■■ 10 ohms (a) Zr-r *» ? 

(a) Xl ** 1000 ohms (5) Zuas ■■ ? 

Xc xi 1000 ohms 
(5) Xl ■■ 990 ohms 
Xc " 1010 ohms 
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Solution: 


(o) 

( 6 ) 


XtXt 1000 X 1000 


Zntl = 


Vfi* -I- (.Xl - Xc 


' 100)000 ohms 

990 X 1010 _ 

VlO* -I- (990 -I- 1010)» 


44,718 ohms 


A careful study of Eq. (2-55) will show that the impedance will be at 
the maximum value when the circuit is resonant. This may be further 
observed from the results of Example 2-20. 

The current of a parallel resonant circuit is at its minimum value 
when the circuit is resonant because the circuit impedance is then at its 
maximum value. The current in each reactance, which is called the 
circulating current^ will be greater than the line current by the ratio of 
the reactance to the resistance and may be expressed as 



(2-57) 


The apparently unusual condition of the current in each reactance being 
higher than the line current is due to the fact that the two currents are 
equal in amount and differ in phase by nearly 180 degrees. The line 
current is the vector sum of the currents in the two branches and hence 
will be very low. 

The voltage across each branch of the parallel resonant circuit will 
be equal to the line voltage. 

2-22. Resonance Curves. Need for the Curves, In order to imder- 
stand the characteristics of resonant circuits it is necessary to know how 



Fig. 2-37.—S&ries resonant circuit used to illustrate the characteristics of a series resonant 
circuit as indicated by Table II-I and the curves of Fig. 2-38. 

the circuit acts at frequencies above and below the frequency of resonance 
as well as at the resonant frequency. These characteristics may be 
understood when they are seen in the form of graphs or resonance curves, 
as they are commonly called. 

Curves of the Series Resonant Circuit. Series resonant circuits are 
used when the maximum current is desired for a definite frequency or 
band of frequencies. A curve showing the variation of the current over 
a band of frequencies will show how the current varies with the frequency. 
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Figure 2-37 shows a series resonant circuit with all of its values indicated 
on the diagram. The circuit is resonant at 1500 kc, as may be calculated 
by Eq. (2-48). The values listed in Table II-I have been calculated by 
use of Eqs. (2-8), (2-20), 2-41), and (2-35). 


Table II-I 


Frequency, 

kc 

Xl 

Xc 

R 

Z 

I ma when 

E = 0.6 

1470 

980 

1020 

5 

40.31 

12.4 

1475 

983.5 

1016.5 

5 

33.37 

14.98 


987 

1013 

5 

26.47 

18.8 

1485 


1010 

5 

20.61 

24.2 

1490 

993 

1007 

5 

14.86 

33.6 

1495 

997 

1003 

5 

7.81 

64.02 



1000 

5 

5.0 

100 



997 

5 

7.81 

64.02 



993 

5 

14.86 

33.6 

1515 


990 

5 

20.61 

24.2 



987 

5 

26.47 

18.8 


1016.5 

983.5 

5 

33.37 

14.98 

■■ 

1020 

980 

6 

40.31 

12.4 

1470 

980 

1020 

10 

41.23 

12.1 

1475 

983.5 

1016.5 

10 

34.48 

14.6 

1480 

987 

1013 

10 

27.85 

17.9 

1485 

990 

1010 

10 

22.36 

22.3 

1490 

993 

1007 

10 

17.20 

29.1 

1495 

997 

1003 

10 

11.68 

42.8 


1000 

1000 

1 10 

10.0 

50.0 

1505 I 

1003 

997 

10 

11.68 

42.8 


1007 

993 

10 

17.20 

29.1 

1515 

1010 

990 

10 

22.36 

22.3 


1013 

987 

10 

27.86 

17.9 

1526 

1016.6 

983.5 

10 

34.48 

14.6 

1530 

1020 

980 

10 

41.23 

12.1 


Curve A of Fig. 2-38 is plotted from the values listed in Table II-I. 
Examination of the curves shows that no appreciable current flows until 
the frequency is approximately 1470 kc. The current increases slowly 
with increases of frequency until the frequency is very close to the reso¬ 
nant frequency. Then the current increases very rapidly until the 
maximum current is reached at the frequency of resonance. As the 
frequency is increased beyond resonance, the current decreases very 
rapidly at first and then decreases more slowly imtil no appreciable cur¬ 
rent flows at approximately 1530 kc. In radio, a circuit that is or can be 
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adjusted so that it is resonant for a definite frexi\ieney is referred to as a 
tuned circuiL 

Curve B is the resonance curve for a circuit similar to that of Fig. 
2-37 but with a resistance value of 10 ohms in place of the original resist- 



Frequency, kilocycles 

Fig. 2-38.—Resonance curves of the series circuit shown in Fig. 2-37. 


ance value of 5 ohms. Comparison of the two curves shows that as the 
resistance of the circuit is increased the maximum current is reduced. 
Therefore, in order to produce maximum current the resistance of the 
series resonant circuit should be as low as possible. The resistance value 
also affects the slope of the resonance 
curves, and this important characteristic 
will be discussed in the following article. 

Curves of the Parallel Resonant CircuiL 
Parallel resonant circuits are used: (1) 
when the signal current of a definite fre¬ 
quency or band of frequencies is to be 
reduced to a minimum; (2) when it is 
desired to obtain a higher signal voltage 
across the resonant circuit at a definite 
frequency or band of frequencies. Par¬ 
allel resonance curves are generally drawn to show how the impedance 
of the circuit varies over a band of frequencies close to the frequency of 
resonance, as is illustrated by Fig- 2-40. Curves may also be drawn to 
show the variation of current over the frequency band. 



Fig. 2-39. —Parallel resonant cir¬ 
cuit used to illustrate the character¬ 
istics of a parallel resonant circuit 
as indicated by Table II-II and the 
curves of Fig. 2-40. 
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Figure 2-39 shows a parallel resonant circuit with all of its values indi¬ 
cated on the diagram. It should be noted that these values are the same 
as those used for the series circuit of Fig. 2-37. The circuit is resonant at 
1500 kc, as may be calculated by Kq. (2-48). The values listed in Table 
II-II have been calculated by use of Eqs. (2-8), (2-20), (2-55), and (2-35). 


Tabi,e II-II 


Frequency, 

Xt 


7? 

z 

I ma wh(ui 

kc 


■A c 

(approx.) 

s 

II 

1470 

980 

1020 

5 

25,000 

4 00 

1475 

983 5 

1016 5 

5 

30,000 

3 33 

1480 

987 

1013 

5 

38,000 

2 63 

1485 

990 

1010 

5 

48,000 

2.08 

1490 

993 

1007 

5 

67,000 

1.49 

1495 

997 

1003 

5 

128,000 

0 78 

1500 

1000 

1000 

5 

200,000 

0 50 

1505 

1003 

997 

5 

128,000 

0.78 

1510 

1007 

993 

5 

67,000 

1.49 

1515 

1010 

990 

5 

48,000 

2.08 

1520 

1013 

987 

5 

38,000 

2.63 

1525 

1016 5 

983.5 

5 

30,000 

3.33 

1530 

1020 

980 

5 

25,000 

4 00 

1470 

980 

1020 

10 

24,250 

4.12 

1475 

983 5 

1016 5 

10 

29,000 

3.44 

1480 

987 

1013 

10 

36,000 

2 78 

1485 

990 

1010 

10 

44,500 

2.25 

1490 

993 

1007 

10 

68,000 

1.72 

1495 

997 

1003 

10 

85,500 

1.17 

1500 

1000 

1000 

10 

100,000 

1.00 

1505 

1003 

997 

10 

85,500 

1.17 

1510 

1007 

993 

10 

58,000 

1.72 

1515 

1010 

990 

10 

44,500 

2 25 

1520 

1013 

987 

10 

36,000 

2.78 

1526 

1016.5 

983.5 

10 

29,000 

3.44 

1530 

1020 

980 

10 

24,250 

4.12 


Curve A of Fig. 2-40 is plotted from the values listed in Table II-II. 
Examination of the curve shows that the impedance is maximum at the 
resonant frequency (1500 kc) and that the impedance decreases sharply 
when the frequency is varied slightly above and below resonance. As 
the deviation from resonant frequency is increased, the amount of decrease 
in impedance tapers off. 

Curve B is the resonance curve for a circuit similar to that of Fig. 2-39 
but with a resistance value of 10 ohms in place of the original resistance 
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value of 5 ohms. Comparison of the two curves shows that as the resist¬ 
ance of the circuit is decreased the value of the impedance is increased. 
As parallel resonant circuits are used to reduce the current at a definite 
frequency to the minimum value, the impedance of the circuit should be 
at the maximum value. Further¬ 


more, in order to obtain the maxi¬ 
mum current the resistance of the 
parallel resonant circuit should be 
as low as possible. 

2-23. Circuit Definition of 
Circuit Q. The ratio of the induc¬ 
tive reactance of a tuned circuit 
to the resistance of the circuit is 
referred to as the Q of the circuit. 
Expressed mathematically 
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Fig, 2-40.—Resonance curves of the parallel 
circuit shown in Fig. 2-39. 


As R is the resistance of the entire 
circuit, its value will be slightly 
higher than the resistance of the 
coil, and therefore the circuit Q 
will be slightly lower than the coil 
Q, The difference between the 
valiK'S of the circuit Q and the 
coil Q is normally small because 
the resistance of the capacitor and 

the connecting wires of the circuit is low compared to the resistance 
of the coil. Furthermore, as R is practically equal to the effective high- 
frequency resistance of the coil, and as this high-frequency resistance 
varies almost directly with the frequency, the circuit Q remains practically 
constant for normal ranges of frequency. 

Relation between Circuit Q and the Slope of the Resonance Curves. 
The slope of the resonance curves is dependent on the Q of the tuned 
circuit. This can be seen from the slopes of the curves of Figs. 2-38 and 
2-40. As the inductance *and the inductive reactance have the same 
values for both of the curves, the circuit Q will vary with the value of 72. 
Examination of these curves will show that low values of R (high values 
of Q) produce resonance curves with very steep slope and high values of 
R (low values of Q) produce flatter curves. 

Relation between the Slope of the Curves and Selectivity. The selectivity 
of a series tuned circuit may be defined as its ability to admit the maxi- 
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mum amount of curn^nt of a dosinnl frequency (or band of frequencies) 
and to exclude all appre^ciable amounts of currents for any other fre- 
(luencies. The slope of the resonance curve is therefore an indication of 
the selectivity of a circuit. 

A seri(»s tuned circuit that produces a steep resonance curve allows a 
ndatively high current flow only for those frequencies close to the resonant 
frequency and opposes any appreciable amount of current flow for all 
oth('r frecpiencies. Such a circuit is very selective and is said to tune 
sharply. The curves of Fig. 2-38 show that the s(*lectivity increases as 
the n\sistance of the circuit decreases. As a decn^ase in H causes an 



Fig. 2-41.—Resonance curves with the width of the band (Ji —/i) indicated. 


increase in Q, it may be said that the selectivity of the series tuned circuit 
increases with an increase in Q. 

If the curve is too steep, the variation in current, generally called the 
response^ will be too great even for only slight deviations from the resonant 
frequency. The curves of Figs. 2-38 and 2-40 show that increasing the 
resistance will broaden the response curve. A circuit with a flat response 
curve is said to tune broadly. 

Usually the resistance of the coil, capacitor, and conductors is suffi¬ 
cient to produce the desired response, and it is therefore seldom necessary 
to include a resistor in tuned circuits. 

Relation between the Width of the Resonance Curve and the Circuit Q. 
The purpose of the series tuned circuit is to pass the currents of a desired 
frequency or band of frequencies and to exclude all others. The purpose 
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of the parallel tuned circuit is to exclude the current of a desired fre¬ 
quency or band of frequencies and to pass all others. It is therefore 
apparent that the range of frequencies should be definitelj^ defined. 

The width of the frequency band is measured at the points on the 
response curves where the current (in the case of series tuned circuits) is 
equal to 0.707 times the current at resonance. The width of the curve 
at this point is equal to /2 — /i (see Fig. 2-41) and is generally referred to 
as the width of the band. Examination of the curves (Fig. 2-41) will 
show that the width of the frequency band is affected by the value of the 
circuit Q. This may be expressed mathematically as 

(2-59) 

Example 2-21. The curves of Fig. 2-41 are for a series resonant circuit whose 
inductive reactance is 1000 ohms at the resonant frequency of 1500 kc. (a) Calculate 
the width of the band if the resistance of the circuit is 5 ohms. (6) Calculate the 
width of the band if the resistance of the circuit is 10 ohms. 

Given: Find: 

fr = 1500 kc (a) /2 -/i = ? 

Xl = 1000 ohms (6) /a - /i = ? 

(a) H ^ 5 ohms 
(5) 72 = 10 ohms 

Solution: 

y N * - _ fr _ fr _ 1500 _ »T K 1- 

(a) /« - Q- ^ 

R 5 

/t\j> / fr fr 1500 _ 1 e 1, 

(b) Q - ^ ^ - 15 I'® 

R 10 

Effect of the LC Ratio on Selectivity, Observation of the equation for 
finding the resonant frequency of a tuned circuit, Eq. (2-48), indicates 
that there is only one value of L times C for each value of resonant fre¬ 
quency. A table of the LC products for commonly used values of fre¬ 
quency is given in Appendix XIV. 

As the frequency of resonance of a tuned circuit is only dependent on 
its LC product, it can be seen that any number of combinations of L and 
C can be used to obtain the same resonant frequency. The value of the 
inductance (in microhenries) may be made greater, less than, or equal 
to the value of the capacitance (in micromicrofarads). The manner in 
which the tuned circuit is to be used will determine the LC ratio that 
should be used. For series tuned circuits it is desirable to have a high 
LC ratio, since this produces resonance curves with steep slopes. As the 
LC ratio is reduced the slope of the curve decreases and the circuit selec- 
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tivity decreases. The curves of Fig. 2-42 show the effect of the LC ratio 
upon the slope of the resonance curves of a series tuned circuit. 

The effect of the LC ratio on the parallel tuned circuits is opposite to 
thf.t of the series circuit. In other words, increasing the LC ratio 
increases the selectivity of the series tuned circuit and decreases the 
selectivity of the parallel tuned circuit. For this reason the expression 
is reversed for the parallel circuit and is referre'd to as the CL ratio. 

2-24. Uses of Resonant Circuits. Resonant circuits are one of the 
most important types of circuits used in radio receivers, radio trans¬ 
mitters, and electronic devices. 



Fia. 2-42.—Hesonance curves of a series tuned circuit showing the effect of the LC ratio 

on the slope of the curve. 


The principles of resonance are used in tuning a radio so that it will 
receive a desired program. This may be done by adjusting a series tuned 
circuit to resonance at the frequency corresponding to the carrier-wave 
frequency of the broadcasting station transmitting the desired program. 
According to the principles of resonance, this causes the current from the 
desired station to have the greatest effect in the receiver and reduces the 
effect of the signals of all other stations to a negligible amount. 

Parallel resonant circuits may be used as the output load of a tube 
when it is necessary for the circuit to have a high impedance in addition 
to having high selectivity. 

These are only two of the many uses of resonant circuits as applied to 
radio and electronics. The application of these circuits to radio and 
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electronics is described in the following chapters. That there are numer¬ 
ous uses possible for resonant circuits may be seen from the characteristics 
of series and parallel resonant circuits. Table II-III is a tabular arrange¬ 
ment of the characteristics of resonant circuits. 


Table II-III 


Quantity 

Series circuit 

Parallel circuit 

At Resonance: 



Reactance; {Xl — Xr) 

Zero; (because Xl = Xc) 

Z(‘ro; (because Xl — Xc) 


159 

159 

Frequency of resonance 

VlG 

Vlc 

Impedance 

Minimum value; Z ^ R 

Maximum value; Z * QXl 

I line 

Maximum value 

Minimum value 

II 

I Hue 

Q times /une 

Ic 

I hue 

Q times 

El 

Q times Euue 

Eiioe 

Ec 

Q times E^ue 

Euam 

Phase angle between lime 

0° 

0° 

and Eime. 



Angle between El and Ec 

180° 

0° 

Angle between II and Ic 

0° 

180° 

Desired value of Q 

High 

High ' 

Desired value of R 

IjOW 

Low 

Highest selectivity 

High Q; low R; high LC 

High Q; low R; high CL 


ratio 

ratio 

When / is greater than /r 



Reactance; {Xl — Xc) 

Inductive 

Capacitive 

Phase angle between I\me 

Lagging current 

Leading current 

and Eim^ 



When / is less than fr 



Reactance; {Xl — Xc) 

Capacitive 

Inductive 

Phase angle between I\me 

Leading current 

Lagging current 

and £^iine 




2-26. Electric Circuits Applied to Radio. Radio circuits are quite 
intricate and complex, and when a circuit diagram is examined as a whole 
it may seem very confusing. In order for the complete circuit to be 
understood, the individual circuits should be analyzed separately and 
their effects in relation to the other circuits should be studied. 

Every electric circuit must contain at least one circuit element, either 
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a resistor, an inductor, or a capacitor. Practical circuits that contain 
only resistance, inductance, or capacitance usually cannot be obtained 
because: (1) wire.-wound resistors have inductance and capacitance in 
addition to resistance; (2) inductors have resistance and distributed 
capacitance in addition to inductance; (3) capacitors have resistance, 
and in some cases inductance, in addition to capacitance. 

Equivalent Circuits, The extraneous resistance, inductance, or capaci¬ 
tance that exist in resistors, inductors, and capacitors have practically 
no effect at low frequencies but have to be taken into consideration at 
higher frequencies. 

The inductance of a resistor can be considered as an inductor con¬ 
nected in series with the resistor. The capacitance* can be consid(*red as 



Fig, 2-43.—Equivalent circuits for the three kinds of circuit elements, (a) A resistCftj^ 
(6) an inductor, (c) a capacitor used on direct cuirent, {d) a capacitor used on alternating; 
current. 

a capacitor connected in parallel with the resistor. The eqtiivalent 
circuit for the resistor is then as shown in Fig. 2-43a. 

The resistance of an inductor can be considered as a resistor connected 
in series with the inductor. The distributed capacitances can be con¬ 
sidered as a single lumped capacitance connected in parallel with the 
inductor. The equivalent circuit for the inductor is then as shown in 
Fig. 2-43&. 

Capacitors are used in both direct and alternating current circuits. 
When used in d-c circuits there is no inductive effect and the resistance 
can be considered as a resistor connected in parallel with the capacitor as 
shown in Fig. 2-43c. When a capacitor is used in a-c circuits, the equiva¬ 
lent circuit can be considered as either series or parallel. The series 
equivalent circuit (Fig. 2-43d) is usually the more useful. Often the 
inductance is negligible, and, if the capacitor’s losses are also negligible, 
the equivalent series resistance value approaches zero. 

Example 2-22. A 2000-ohm 50-watt resistor has an inductance of 3 /ih and a 
distribute capacitance of 2 iipi, (a) What is its impedance at 1000 kc7 (h) What is 
its impedance at 60 me? 
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Given: 

R =» 2000 ohms 
L — 3 fjh 

C = 2 fA/xf 

Solution: 

(a) Xl 
X c 

Z 


(b) Xl 
Xc 

Z 

Combined Circuits. When two or more individual circuits become 
part of a complex circuit the following two factors should be taken into 
consideration: (1) the means used to transfer energy from one circuit to 
another, generally called coupling of the circuits; and (2) the means used 
to separate the different typ('S of currents so that they will flow through 
thelproper circuits, generally called filter action, 

* 2-26, Filter Circuits. Purpose of a Filter, When two or more 
individual circuits are combined they form a complex circuit through 
which the following kinds of currents may flow: (1) direct, (2) low-fre¬ 
quency (60 cycles), (3) audio-frequency, (4) radio-frequency. The 
purpose of a filter is to separate these currents at any desired point of the 
circuit and to direct each of them into the conductor or circuit through 
which it is desired to have them flow. 

Filter Action, A filter circuit consists of a combination of capacitors, 
inductors, and resistors connected so that it will separate alternating 
currents from direct currents, low-frequency currents from high-frequency 
currents, or alternating currents mthin a band of frequencies from alter¬ 
nating currents outside of this band. The action of any filter depends 
upon the following principles of alternating current circuits: 

1. The opposition offered to the flow of alternating currents by 
inductance varies directly with the frequency. Therefore inductance 
offers comparatively little opposition to direct, pulsating, or low-fre¬ 
quency alternating currents and great opposition to radio-frequency 
currents. 

2. The opposition offered to the flow of alternating currents by capaci¬ 
tance varies inversely with the frequency. Therefore capacitance offers 


(From Appendix V) 


= 2TrfL = 6.28 X 1000 X lO^ X 3 X 10-« = 18.84 ohms 
_ 159,000 _ 159,000 , 

fC Tooo X 10 -* X 2 'x 10 -« “ 

= Xc (Xj ^x^ (From Appendix V) 

= 70 -Mm ^ / 2000^ + 18.84 » 

/.',ouu \2oooj + (i8.g4 _ 79,^)2 

= 1999 ohms 

- 6.28 X 60 X 10« X 3 X 10-« = 1130 ohms 

__^,000 _ , 

60 X 10* X'2 X 10-* 

^ ,oor../ 


= 79,500 


= 1325 ohms 


- 1325 


'20002 ^ (1130 1325)2 


= 1514 ohms 


Find: 

Z * ? 
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comparatively great opposition to low-frequency currents and little 
opposition to radio-frequency currents. It also will block the flow of 
direct current. 

3. A series resonant circuit has a low impedance at resonance and 
offers little opposition to the flow of all currents whose frequencies lie 
within a narrow band above and below the resonant frequency. Such 
a circuit will offer a comparatively great opposition to the flow of currents 
of all other frequencies. 

4. A parallel resonant circuit has a high impedance at resonance and 
will offer a comparatively great opposition to the flow of all currents 
whose frequencies lie within a narrow band above and below" the resonant 
frequency. Such a circuit will offer little opposition to the flow of cur¬ 
rents of all other frequencies. 

5. Resistors do not provide any filtering action when used alone, 
since they oppose the flow of all currents to the same extent. When con¬ 
nected in series with a capacitor, inductor, or both, they increase the 
impedance of the circuit. Increasing the resistance of a resonant circuit 
reduces the value of the peak of the resonance curve and decTc^ases the 
slope of the curves, which indicates that the circuit will be less selective. 

Filter Circuit Terms. Classification of Filters, There are four 
general classifications of filter circuits, namely, low-pass, high-pass, 
band-pass, and band-stop, each of which is considered in the next article. 

Attenuation curves are graphs of current plotted against frequency 
and are used to show the attenuation (reduction) of current as the fre¬ 
quency varies. 

Cutoff is the term used to indicate the point at which a small change 
in frequency results in considerable attenuation of the current. 

Sharpness of attenuation is the term used to indicate the steepness 
of the slope of the attenuation curve. A curve that is quite steep is 
generally preferred, and the circuit is said to possess sharp attenuation. 

A T-TYPE filter is a basic filter circuit containing a number of induc¬ 
tors and capacitors connected in a manner resembling the letter T. 

A pi-type filter is a basic filter circuit containing a number of induc¬ 
tors and capacitors connected in a manner resembling the Greek letter tt. 

An M-DERiVED FILTER is merely a variation of either one of the basic 
type filters arranged to provide certain desired characteristics. 

A MULTIPLE-SECTION FILTER is One that Contains two or more units 
of a basic-type filter. Its purpose is to achieve sharper attenuation. 

The SOURCE IMPEDANCE is the impedance of the circuit leading into 
the filter. 

The LOAD IMPEDANCE is the impedance of the circuit into which the 
filter feeds. 
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The CHARACTERISTIC IMPEDANCE is the impedance of the filter circuit 
and is dependent upon the values of the inductance and capacitance. 
The impedance of the filter, the source, and the load should have equal 
values. 



ra;-SIMPLE LOW-PASS FILTER (dLSmiE LOW-PASS FILTER 



rc;-SINGLE LrSECTION,CHOKE 
INPUT,LOW-PASS FILTER 




2-27. Types of Filter Circuit. Low-pass Filter, A low-pass filter is 
one which allows all currents of frequencies below the cutoff frequency to 
pass on to the desired circuit and 
opposes and thereby diverts the 
flow of all currents of frequencies i 
above this value. I 

The simplest low-pass filter is % 
either an inductor in series with ^ 
the load (Fig. 2-44a), which attenu- ^ 
ates the current as the frequency 
increases, or a capacitor in parallel 
with the load (Fig. 2-446), which 
diverts a greater amount of current Fiq. 2-46. — Characteristic curve for a 
from the load as the frequency simple low-pase filter circuit. 

increases. Neither of these, when used alone, produces very sharp attenu- 
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ation, and in order to obtain sharper attenuation both ibe serieseoniu^cled 
inductor and the parallel connected capactitor are us('d (s(‘e Fig. 2-44r). 
In (jrd(‘r further to improve the sharpness of attenuation, additional 



f^a)-Si'mple high-pass filter ^^^Simple high*pass filter 



CeJ-Single L-seefion, f£!f AT-type.high*pass filter 

capacitor-input.h/gh- 
pass filter 



fSeries-derived, m-type, fA AShunt-derived,m-typc, 

high- pass f i Ihr high- poss f i Iter 

Fia. 2-40.—Typical high-pass filter circuits. 


capacitors and inductors arci used as illustrated in Fig. 2-44. The attenu¬ 
ation of a simple low-pass filter is shown in Fig. 2-45. 

High-pass Filter. A high-pass filter is one which allows all currents of 

frequencies above a certain value to 
pass on to the desired circuit and 
opposes or diverts the flow of all 
currents of frequencies below this 
value. 

The simplest high-pass filter is 
cither a capacitor in series with the 
load (Fig. 2-46a), which opposes 
the flow of low-frequency currents 
and passes the high-frequency cur- 
Fiq. 2-47.—Characteristic curve for a rents, or an inductor in parallel 
simple high-pass filter circuit. ^ith the load (Fig. 2-466), which 

diverts most of the low-frequency currents from the load but diverts very 
little of the high-frequency currents. Neither of these, when used alone, 
produces very sharp attenuation, and in order to attain sharper attenua- 
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tion both the series connected capacitor and the parallel connected induc¬ 
tor are used (see hig. 2-46c). In order further to improve the sharpness 
of attenuation, additional capacitors and inductors are used as shown in 
Fig. 2-46. The attenuation of a simple high-pass filter is shown in Fie 
2-47. 

Band-pass Filter, A band-pass filter is one which allows the currents 
of a narrow band of frequencies to pass on to a desired circuit and opposes 
or diverts all currents whose frequencies are above or below this band. 

The simplest band-pass filter is either a series resonant circuit con¬ 
nected in series with the load (Fig. 2-48a) or a parallel resonant circuit 




rp;-Single-sectior>.-Tr-type, W-Series-derived, m-type 

band-pass fil+er band-pass fiIfcr 

Fig. 2-48.—Typical band-pass filter circuits. 


connected across the load (P'ig. 2-486). The series resonant circuit 
(Fig. 2-48a) passes all currents of frequencies within the band for which 
it is tuned and opposes the currents of all frequencies outside of the band. 
The parallel resonant circuit (Fig. 2-486) diverts very little of the current 
of the frequencies within the band for which it is tuned and diverts all 
currents of those frequencies outside of the band. Combinations of two 
or more series resonant circuits and parallel resonant circuits are used as 
shown in Fig. 2-48 in order to attain better response (attenuation) curves. 
The response curve of a simple band-pass filter is shown in Fig. 2-49. 

Band-stop Filter. A band-stop filter, also called a band-suppression or 
band-exclusion filter^ is one which opposes or diverts the currents of a 
narrow band of frequencies from flowing in a certain circuit and passes 
the currents of all frequencies outside of this band. 
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The simplest band-stop filter is either a parallel resonant circuit 
connected in series with the load (Fig. 2-50a) or a series resonant 
circuit connected across the load (Fig. 2-506). The parallel resonant cir¬ 
cuit (Fig. 2-50a) opposes all currents of those frequencies wdthin the band 



Fia. 2-49.—Characteristic curve for a simple band-pass filter circuit. 



r«;-SIMPLE BAND-STOP FILTER^ 



__X__ 

f6;-SIMPLE BAND-STOP FILTER 



X 

fcl-SINGLE-SECTION, L-TYPE 
BAND-STOP FILTER 



X __ 

rc>SIN6LE-5ECTI0N,T-TYPE, 
BAND-STOP FILTER 



^ _X-o 


rrf;-SIN6LE-SECTI0N.ir-TYPE, 
BAND-STOP FILTER 



X__ 

r/;-5HUNT-DERIVE0,iii-TYPE, 
BAND-STOP FILTER 


Fig. 2-50.—Typical band-stop filter circuits. 


for which it is tuned and passes the currents of all frequencies outside of 
the band. The series resonant circuit (Fig. 2-506) diverts all currents of 
those frequencies within the band for which it is tuned and diverts very 
little of the current for the frequencies outside of this band. Combina¬ 
tions of two or more parallel resonant circuits and series resonant circuits 
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are used as shown in Fig. 2-50 in order to attain better response curves. 
The response curve of a simple band-stop filter is shown in Fig. 2-51. 

M-derwed Fillers, These circuits are derived from the basic filters, 
and their purpose is to achieve a sharper attenuation. Additional 
impedances are inserted into the basic circuits to form either a shunt- 


c 

q; 

i- 

L. 

3 

o 


Fig. 2-51.—Characteristic curve for a simple band-stop filter circuit. 

derived or series-derived type of filter. If the additional impedances are 
added to the shunt arm of the section, the filter is series-derived, and if 
the additional impedances are added to the series arm of the section, the 
filter is shunt-derived. 

Resistor-capacitor Filter Circuits, When it is necessary to separate 
the direct current and alternating current that may be flowing in a circuit, 
this may be accomplished by using 
a capacitor to provide a path for 
the alternating current and a resis¬ 
tor to provide a path for the direct 
current. 

The circuit of Fig. 2-52a illus¬ 
trates a capacitor used to allow the 
passage of the alternating signal 
current from the screen-grid circuit 
of a tube to the ground. The 
resistor keeps the alternating cur¬ 
rent from getting into the B sup- 
ply, where it may cause trouble. The resistor is also used to provide the 
correct voltage for the screen grid by acting as a dropping resistor. 

The circuit of Fig. 2-526 shows a resistor connected between the 
cathode and ground; its purpose is to supply a negative voltage for the 
grid of the tube. This resistor, usually of several thou^d ohms, offers* 
a high impedance to the flow of the signal current, which would reduce 


Screen or plate 



(a) 

Fig. 2-52.—Rosistor-capacitor filter cir¬ 
cuits. (a) Filter action in the plate or 
screen-grid circuit, (5) cathode bias circuit. 
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the current to a critical value. A large reduction in signal current at 
this point in a circuit would cause degeneration, an action that should be 
avoided except in circuits whc're degeneration serves a desired purpose. 
If a capacitor is connectt^d across the resistor as shown in the illustration, 
it will provide a low-irnpc^dance path for the alternating signal current. 
Diverting the signal current through the capacitor will not affect the 
voltage drop across the resistor necessary to produce the correct negative 
grid voltage. 

2-28. Coupling of Circuits. Principles of Coupling. Two circuits 
are said to be coupled when they have a common impedance that permits 
the transfer of (dectrical energy from one circuit to another. This 
common impedance is called the coupling element and it may be a resistor, 
an inductor, a capacitor, a transformer, or a combination of two or more 
of these elements. 

Coupling elements are usually required to perform some filter action 
in addition to the function of transferring energy from one circuit to 
another. Conversely, every filter circuit contains a section that acts as 
a coupling device. In some instances, coupling circuits and filter circuits 
are much alike, and it may be difficult to state whether they should be 
called- filters or coupling units. The choice of name, which is really 
unimportant, may be governed by that function which is considered of 
major importance. The type of impedance us(‘d will be determined by 
the kinds of current flowing in the input circuit and the kind desired in 
the output circuit. The characteristics of each type of impedance have 
already been presented in the study of filters. 

Simple Coupled Circuits. A simple coupled circuit is one in which 
the common impedance consists of only a single element. A group of 
simple coupled circuits are shown in Fig. 2-53. 

The resistance, inductive, and capacitive-coupled circuits are also 
called direct-coupled circuits. In these circuits the coupling is accom¬ 
plished by the current of the input circuit flowing through the common 
impedance, where it produces a voltage drop. This voltage is applied 
to the output circuit, thus resulting in a transfer of electrical energy from 
the input to the output circuit. The output voltage is equal to the 
product of the current in the coupling element and its impedance. 

The transformer-coupled circuit shown in Fig. 2-63d is also referred 
to as indirect coupling, magnetic coupling, or mutual-inductive coupling. 
In this type of coupling the transfer of energy is accomplished by the 
alternating current of the input circuit flowing through the primary 
winding and setting up an alternating magnetic field. The magnetic 
lines of this field link the turns of the secondary winding and induce the 
voltage that supplies the energy for the output circuit. 
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In some applications of coupling devices the input circuit may have 
both alternating and direct current flowing, and it is desired that the 
coupling unit transfer only the alternating current to the output circuit. 
The transformer-coupled unit will serve this purpose satisfactorily as it 
will pass only the alternating current. The other simple coupled circuits 
(Fig. 2-53a, 6, and c) can be modified by inserting a capacitor in series 
with the output side, so that no direct current can reach the load. This 
is illustrated by the circuit of Fig. 2-63/. 



fe^-Auto*transformer coupling, ff )-Inductive coupling. Capacitor 

combined self and mutual inductance added to block the direct current 

Fig. 2-53,—Types of simple coupled circuits. 


Complex-coupled Circuits, A complex-coupled circuit is one in which 
the common impedance consists of two or more circuit elements. A few 
of the numerous types of complex coupling are sho\vn in Fig. 2-54. 

The proportion of energy transferred in a simple inductive-coupled 
circuit increases as the frequency increases, while with simple capacitive 
coupling the proportion of energy transferred decreases as the frequency 
increases. Using combinations of two or more elements in the coupling 
unit makes it possible to obtain various proportions of energy transfer 
for inputs of varying frequency. For example, the coupling element of 
Fig. 2-54a is really a series-tuned circuit and hence will have a minimum 
impedance at its resonant frequency. The proportion of energy transfer, 
too, will be at a minimum value when the frequency of the input circuit 
is equal to the resonant frequency of the coupling unit. At frequencies 
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coupling. When the maximum amount of energy is transferred from one 
circuit to another, the circuits are said to possess critical coupling; this is 
also referred to occasionally as optimum coupling. If the coefficient of 
coupling is higher than that necessary to produce critical coupling^ it is 
referred to as being tight, and if it is lower than that required for critical 
coupling, it is referred to as being loose. 

The effect of varying the coupling between two circuits may be seen 
from the response curves of Figs. 2-55 and 2-60. When two circuits are 
very tightly coupled, resonance will be obtained at two new frequencies, 
one below and the other above the normal frequency of resonance for the 
capacitor and inductor used. As the coupling is decreased, the two 
peaks come closer together until critical coupling is reached and a single 



Fig. 2-65. —Kesponse curves showing the effects of various amounts of coupling. 


peak of maximum height is obtained. If the coupling is decreased below 
the critical value, a single peak of reduced height is obtained. 

Air-core transformers, commonly used in radio circuits, illustrate the 
importance of the amount of coupling between the primary and the 
secondary windings. Since it is difficult to design an air-core transformer 
in which a large portion of the magnetic lines set up by the primary wind¬ 
ing will link the turns of the secondary winding, the coefficient of coupling 
is generally low. A low value for the coefficient of coupling is not objec¬ 
tionable in some circuits, as it provides certain desirable characteristics, 
which will be presented in the following article. 

2-29. Characteristics of Mutual-inductive-coupled Circuits. Induc-s 
tive coupling, particularly mutual inductance as provided by the trans¬ 
former, is the means most commonly used to transfer energy from one 
circuit to another. The characteristics of these circuits depend upon the 
type of circuit, that is, whether a capacitor is connected to the primary, 
to the secondary, or to both. The characteristics are also dependent 
upon the amount of coupling between the two circuits. 

Coupled Impedance, The primary and the secondary circuits of a 
transformer are separate electrical circuits that are magnetically coupled. 
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Each circuit has an impedance of its own, generally designated as Zp 
and Zs- The impedance of the primary winding, when no load is applied 
to the secondary, consists of the resistance and inductance of the primary 
winding. The impedance of the secondary circuit consists of the resist¬ 
ance and inductance of the secondary winding plus the impedance of any 
load connected to the circuit. When the secondary circuit is left open, 
that is, wdien no load is applied to its tc'rminals, the impedance of the 
secondary Avill be infinity, or so large that it is immeasurable. Under 
this condition the presence of the secondary will have no effect upon the 
primary circuit. 

When a load is applied to the secondary, the impedance will have a 
significant value and a current will flow in the secondary circuit. The 
amount of energy in this circuit will depend upon the secondary voltage 
and impedance. The secondary voltage, however, is d(‘pendent upon the 
number of magnetic lines linking the two circuits. The number of link¬ 
ages is proportional to the coefficient of coupling; therefore the amount 
of energy transferred is also dependent upon the coefficient of coupling. 
As the energy in the secondary circuit must como from the primary, it is 
evident that the primary impedance will be affected by the impedance of 
the secondary circuit. The effect of the secondary circuit upon the 
primary is equivalent to adding an impedance in series with the primary. 
This added impedance is generally referred to as the coupled impedance. 

The numerical value of the coupled impedance of a mutual-inductiv(‘- 
coupled circuit may be found by the equation 


Z 


p^b' = 


(2rfMy 


(2-00) 


where Zp^s' = impedance coupled into the primary by the secondary, 
ohms 

/ = frequency of the power source, cycles p(T second 
M = mutual inductance, henries 
Zs = secondary impedance, ohms 
The derivation of this equation is explained in the following steps: 

1. From the definition two circuits have a mutual indiictance of one 
henry when a current in one circuit, changing at the rate of one ampere 
per second, induces an average emf of one volt in the second circuit. The 
induced voltage in the second circuit may be expressed as 

E^.a = M (2-61) 

This equation indicates that when the mutual inductance M is one henry 
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and the rate of current change 'y — f— is one ampere per second, the 

h h 


average value of the induced voltage iPave s will be one volt. In other 
words, this equation is derived from the definition of the unit of mutual 
inductance. 

2. When an alternating current Ip is flowing, the current is continually 
changing from a maximum value to zero in a positive and negative 
direction and at a rate proportional to the frequency. As the alternating 
current Ip is an eff(‘ctive value, the maximum current will be Ip divided 
by 0.707. Also, a change in current from the maximum value to zero 
occurs in a period of time corresponding to one-quarter of a cycle. 
Therefore 


Ip 

IP2 — IP\ __ /max Io __ /max __ 0.707 _ 4flp 

h - h " J_ ^ 1 ” 1 0.707 

4/ 4/ 4/ 


(2-62) 


Applying Ikp (2-62) to Eq. (2-61), then 

A.ves ^0.707 


(2-63) 


3. The induced secondary voltage is expressed as an average 
value, and in practical work it is desired to have it expressed as the 
effective value E, As the average value is equal to 2/7r (or 0.637) times 
the maximum value and the effective value is equal to 0.707 times the 
maximum value, then the effective value may be expressed as 


Bs = X 0.707 = 


0.707iFEiiy^>3 

2 


(2-64) 


IT 


or 


EmnS = 


2Es 

0.707^ 


(2-64a) 


substituting Eq. (2-64a) in Eq. (2-63) 


2E s 


M 


4flp 

0.707 


or 


Eg — p 

4. The secondary current Is will, therefore, be 
y Eg _ 2firfMIp 

^^^Tg- ~J7~ 


(2-66) 

( 2 - 66 ) 
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5. This secondary current upon flowing through the secondary wind¬ 
ing sets up a magnetic field of its own that induces a voltage^ in the 
primary. This induced voltage will be 180 degn^es out of phase with the 
primary impressed voltage and is referred to as a counter^ or hack voltage. 
By the same reasoning as was used to derive the secondary induced 
voltage, it may be shown that this counter voltage induced in the primary 
will be 

•^counter = 2irSMIs (2-67) 

Substituting Eq. (2-GG) for Is in Eq. (2-G7) 


= (2jr/l/) 


(2t/M)/p _ (2t/M)2 


Zs 


Zs 


( 2 - 68 ) 


6. As this voltage represents the effect that the secondary has upon 
the primary and is equal to the product of impedance and current, it may 
be stated from Eq. (2-68) that the effect of the secondary impedance 
upon the primary is 


^ _ (2v/il/)* 

hp-S' -y- 

as 


(2-60) 


The coupled impedance expressed by Eq. (2-60) may bo represented 
by an equivalent resistance and an equivalent reactance connected in 
series with the primary circuit. The numerical values of the equivalent 
resistance and equivalent reactance are expressed by the following 
equations, 


R 


{^KfMyRs 


Zs^ 

^ _ (27rfMrXs 


(2-69) 

(2-70) 


where Rps* = resistance coupled into the primary by the secondary, 
ohms 

Xp^8' = reactance coupled into the primary by the secondary, 
ohms 

/ = frequency of the power source, cycles per second 
M = mutual inductance, henries 
Ra == resistance of the secondary circuit, ohms 
Za = impedance of the secondary circuit, ohms 
Xa = reactance of the secondary circuit, ohms 
Note: \^en Xa is inductive, then Xp-s' has a negative sign, and when 
Xa is capacitive, Xp^a* has a positive sign. 

Example 2-23. A mutual-inductance-coupled circuit is shown in Fig. 2-56, 
together with the circuit values, (a) What coupled impedance does the secondary 
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present to the primary ? (6) What is the value of the equivalent resistance component 

of the coupled impedance? (c) What is the value of the reactance component of the 
coupled impedance? (d) Draw the equivalent-circuit diagram, (e) What is the 
effective impedance of the primary circuit? (f) What is the primary circuit cur¬ 
rent if the voltage of the 175-kc signal is 10 volts? (g) What is the secondary volt¬ 
age? (h) What is the secondary current? 


Given: 


Find: 


M-O.SOmh 



SOji 


(a) Zp^s' “ ? 
(h) Rp^s' = ? 
(r) Xp.s' = ? 
(d) Diagram 
(c) ZpT — 1 
(/) If = ? 
{g) Es = ? 
(h) Is = ? 


(a) Zp^s' 


(h) Rp^s> 

(c) Xp^s^ 

(d) 


(2icfMy 

Zs 


{27rfM)^ 


Vuu + + (2r/L.,)» 

_ (6.28 X 175 X 10» X 0.50 X 10 -»)»_ 

\/W+ + (6.28 X 175 X 10» ^3.5 X 10-’)» 

301,950 , , 

= 78.5 ohms 

(2irfM)His 301,950 X 100 ^ 

-4.7— = .-(3847F ~ . “ 

(2»-/,W)»X., 301,950 X 3846 _ „„ , 

-P47)5- 78.5 ohms 


Rp*/0ji X^p'/S6Sji 




—VWVW^"' ~~ 


Xp.^r Tff.Sji 

■'ismr '—I 


Fia. 2-57. 

(e) ZpT — ■%/ (Rp •+- Rp-s'y + (Xp — Xp-s’)* 

= \/(10 -I- 2.04)« + (1868 - 78.5)* =■ 1789.6 ohms 
(/) Ip - 0.00558 amp = 5.58 ma 

(g) Es - 2^MIr = 549.6 X 0.00568 - 3.06 volts 

(ft) Is 1^ - 0.000795 amp - 0.795 ma 

Examining the results of this example, it can be seen that the effect 
of the coupled equivalent resistance is to increase the effective resistance 
of the primary circuit. The equivalent reactance that is coupled into 
the primary by a secondary whose reactance is inductive is opposite in 
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phase to the primary reactance and hence reduces the eflFective reactance 
of the primary circuit. The net result is a reduction in the effective 
primary impedance, more current thereby being allowed to flow in the 
primary circuit, thus making possible the transfer of more energy to the 
secondary circuit. 

Many of the important characteristics of coupled circuits are explaint'd 
by the effects of coupled impedance. Examination of Eq. (2-00) indi¬ 
cates that the coupled impedance will be low when the coefficient of 
coupling is low because the value of M decreases hen the coc'fficient of 
coupling is decreased. Further, the coupled impedance will be low when 
the secondary impedance is high. Thus, w hen the coefficient of coupling 
is low or when very little load is applied to the secondary (high secondary 
impedance), the coupled impedance will be low and the effect of the 
secondary upon the primary will be negligible. However, when the 
coefficient of coupling is high or when the secondary carries considerable 
amounts of load (low secondary impedance), the coupled impedance will 
be high and the secondary will produce considerable effect upon the 
primary circuit. 

Coupled Impedance when the Coefficient of Coupling Approaches Unity. 
Iron-core transformers, such as the audio transformers used in radio 
receivers, generally have a coefficient of coupling of nearly unity. Fur¬ 
thermore, in well-designed audio transformers, the total reactance of the 
secondary winding is so high in comparison with the resistance of the 
secondary winding and the load impedance that the secondary imped¬ 
ance may be assumed to be approximately equal to the reactance of the 
secondary winding. Assuming that M = y/LpLs (true when X = 1) 
and Za = Xls, it is possible to simplify the expressions for reflected 
(coupled) impedance, resistance, and reactance of Eqs. (2-60), (2-69), 
and (2-70). 

The eq uation for the reflected impedance can be simplified by sub¬ 
stituting VLpLs for M and Xls for Za in Eq. (2-60); then 

^ ._(2t/vXXs)’ (2x/Lp)(2x/L.) 

Zp-S' = ^Zs (2-71a) 

■Ljs 

As the primary and secondary windings are linked by the same flux when 
K ^ I and as they will have approximately equal dimensions, their 
inductances will vary as the square of their respective number of turns 
(Art. 2-3), or 
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5111(1 T (2-72a) 

Ns 

where n — 

Np 

Substituting Eq. (2-72a) in (2-71a) 

^ (2-73) 

It is sometimes d(\sirt'(i to determine the impedance reflected to the 
secondary by the primary. By a similar procedure, it can be shown that 

Zs^r* ~ Tl“Zp (2-74) 

With the same assumptions, the equation for the reflected resistance 
and reactance can also be simplified. Substituting \/LpI7s for M and 
Xls for Zs in Eq. (2-69) 


E> (2TfIjp)(2TfIjs)Rs Ijp jy 

(2TfLs)i2TfLs) "i;"'' 


(2-75) 

and R p^s' ~ ^ 


(2-76) 

By similar reasoning 

Rs—p* “ ti^Rp 


(2-77) 

Applying the same method to Eq. (2-70), it can be shown that 


? 

II 


(2-78) 

and Xs-p' = n^Xp 


(2-79) 

From Eqs. (2-78) and (2-79), it can be shown that 



Y Ls 

Lip^s' = -2 


(2-80) 

Ls—p' “ u^Lp 

Cp^s' = n^Cs 


(2-81) 

(2-82) 

r , — 


(2-83) 

Circuit with Untuned Primary and Untuned Secondary, The simplest 
type of transformer coupling would be a circuit having an untuned 
primary and an untuned secondary with a resistance or inductance load. 
Such a circuit is shown in Fig. 2-58a. This circuit is often used as an 
equivalent circuit to represent the effects produced by a shield, metal 
panel, or other metal object located near a coil. The effect of the shield 
or panel upon the coil would be the same as that of a secondary winding 
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consisting of inductance and resistance in series. The coupled impedance 
of such a circuit will increase the effective resistance of the primary and 
reduce its effective reactance. It also indicate's that the losses of the 
coil circuit are increased by an amount proportional to the resistance 
coupled into the primary by the secondary, which is actually the shield 
or near-by metal panel. 

Circuit with Untuned Primary and Tuned Secondary, The circuit 
shown in Fig. 2-586 differs from the one in Fig. 2-58a in that a capacitor 
is used in place of the resistor in the secondary circuit. The commonly 
used tuned-radio-frequency amplifier circuit, or its equivalent circuit, 
is similar to this fundamental circuit. 

The secondary is similar to the series tuned circuit studied in Arts. 
2-19 to 2-22. Its characteristics will be the same as those of the series 
tuned circuit. At resonant frequency the impedance will be at its 
minimum and the current at its maximum. The impedance coupled 



Circuit with Untuned primary, (Vr^Tuned primary, 

untuned secondary tuned secondary tuned secondary 

Fig. 2-58.—Fundamental transformer-coupled ciicuits. 


into the primary mil bo large and will have a critical effect upon the 
primary current. At frequencies above or below resonance the secondary 
impedance increases and its current decreases. The impedance coupled 
into the primary decreases, and the effect on the primary circuit is 
decreased. 

Circuit with Tuned Primary and Tuned Secondary. This type of 
circuit (Fig. 2-68c) is used extenavely in radio receivers. A common 
example of this circuit is the intermediate-frequency amplifier of the 
superheterodyne receiver. This circuit is very useful for amplifiers 
because it can be designed to provide an approximately uniform secondary 
current response over the range of frequencies that are normally applied 
to the primary. 

2-30. Band-pass Amplifier Circuits. Ided Response Curve. The 
ideal response curve for the tuning or i-f amplifier circuits would be one 
having a flat top and very steep sides. The flat top should be approxi¬ 
mately 10 kc wide. This band of 10 kc is not arbitrarily chosen but 
represents a 5-kc ade band above and below the carrier frequency 
of any transmitting station. These side bands are a part of every 
modulated carrier wave, and the width of the side band varies with the 
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frequency of the audio signal. The frequency of audible signals varies 
from 20 cycles to more than 20,000 cycles. However, most radio 
receivers are capable only of reproducing sounds up to 5000 cycles. 
Many broadcasting stations can transmit with a 10-kc side band but 
operate with only a 5- to 6-kc side band because of the limitations of the 
average receivers. A circuit with a 
flat-top response curve will produce 
currents of equal strength for all 
audio signals. A circuit that pro¬ 
duces a response curve with steep 
sides will be very selective. 

This ideal can be most nearly 
achieved by use of two resonant cir¬ 
cuits (Fig. 2-59) tuned to the same 
frequency and possessing a very definite value of coupling. Such cir¬ 
cuits are known as band-pass fdters, band-pass amplifiers, or band-pass 
circuits. 

Efifed of the CoefiUcieni of Coupling on the Band-pass Circuits. The 
important characteristic of the band-pass circuit is the manner in which 
the secondary current varies with the frequency when a constant-voltage 



I<’jo. 2-59.—Band-pass amplifier circuit. 



420 440 460 480 SOO 520 540 560 580 

Frequency, kilocycles 

Fig, 2-60,—Response curves showing the effect of the coefficient of coupling between two 
resonant circuits tuned to the same frequency. 

variable-frequency wave is applied to the primary. Since the amount of 
current in the secondary varies directly with the amount of coupling 
between the primary and secondary windings, the shape of the response 
curve will be affected by the coefficient of coupling. 

The effect of the coefficient of coupling upon the shape of the response 
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curves is shown in Fig. 2-60. These curves represent the response of a 
circuit similar to that shown in Fig. 2-59 when both resonant circuits are 
tuned to 500 kc. When the coefficient of coupling is low {K = 0.01), 
the secondarj" current will be low and the curve will be quite peaked. 
When the coupling is increased to 0.015, the secondary current increases 
and there is a reduction in the sharpness of the peak of the curve. When 
K is equal to 0 02, tlie maximum amount of secondary current is obtained 
and the resonance curve is comparatively flat at the top and its sides are 
very steep. 

When the coupling is tight, as is the case for the three curves with K 
values greater than 0.02, the coupled impedance at resonance is high. 
This reduces the primary current, which in turn reduces the induced 
voltage at the secondary and thereby causes a lower secondary current. 
This accounts for the decrease in secondary currents at resonance for 
coefficients of coupling greater than the critical value. At frequencies 
below resonance the reactance coupled into the primary is inductive and 
for frequencies above resonance it is capacitive. The coupled reactance 
is opposite to that of the primary circuit and therefore reduces the eff(‘c- 
tive primary impedance. The lower primary impedance causes an 
increase in primary current, which in turn causes an increase in the 
secondary voltage and consequently increases the secondary current. 
This action introduces new resonant frequencies and accounts for the 
humps in the resonance curves when the coupling is greater than the criti¬ 
cal value. The current at these peaks is practically the same as the peak 
current with critical coupling. The spacing between these peaks 
increases with an increase in the amount of coupling. 

Width of Band Pass, The curves of Fig. 2-60 show that the width of 
the band passed will increase with any increase in the coefficient of cou¬ 
pling above its critical value. The width of this band, measured at 0.707 
of the maximum response, is directly proportional to the coefficient of 
coupling and the resonant frequency of the two tuned circuits (Fig. 
2-59). An approximate value of this band width can be obtained by use 
of the equation 

Width of band pass = Kfr (2-84) 

Example 2-24. What is the approximate width of the frequency band of a band¬ 
pass filter circuit having a resonant frequency of 456 kc and a coefficient of coupling 
of 0.02? 

Given: Find; 

K =« 0.02 Width of band pass « ? 

fr » 456 kc 

Solution: 


Width of band pass « Kfr « 0.02 X 456 » 9.12 kc « 9120 cycles 
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The most important characteristics of a band-pass circuit are the 
width of the band of fnupiencies it allows to pass and the uniformity of 
response within this band. From the curves of Fig. 2-00 it can be seen 
that at critical coupling {K = 0.02) the response is fairly uniform for a 
band of frequen(;ies between 496 and 505 kc. As the coefficient of 
coupling is increased {K = 0.04, 0.08, 0.15), it can be seen that the band 
becomes wider and the response is less uniform. 

The coefficient of coupling of band-pass circuits is usually adjusted to 
such a value that uniform response is obtained for a band of 10 kc. 
The uniformity of the r(‘sponse, liowever, is also dependent upon the 



Fig. 2-61.—Characteristics of a band-pass amplifier showing the effect of circuit Q on the 
uniformity of response within the band being passed. 


circuit Q (Art. 2-23). The effect of circuit Q upon the uniformity of 
response is illustrated by the curves of Fig. 2-61. When Q is too high 
pronounced double humps occur, and if Q is too low the response curve is 
round instead of flat. Apparently the best value of Q would be such that 
it will produce the maximum transfer of energy, or critical coupling. 
The value of critical coupling may be determined by 



(2-85) 


where Ke = critical coupling 

Qr = Q oi the primary circuit 
Qs — Q oi the secondary circuit 
y/QpQs = Q ol the complete circuit 
However, experiments have shown that the best value of Q is approxi¬ 
mately 50 per cent more than that required to produce critical coupling, 
hence the equation for practical circuits is 
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1.5 

's/QpQs 

(2-86) 

or 

QpQx = 

(2-87) 


From Eq. (2-84) it can be seen that the coefficient of coupling would 
be equal to the Avidth of the band pass divided by the frequency of 
resonance. As the width of the band pass is usually about 10 kc and the 
resonant frequency of the r-f and i-f circuits is generally 175 kc or more, 
the coefficient of coupling must therefore be less than 0.057. Substituting 
this value of K in Eq. (2-87), it can be seen that the values of the circuit 
Q’s will be 25 or more if Qp and Qx are approximately equal. 

Example 2-25. A band-pass filter circuit is tuned to a resonant frequency of 
456 kc. If Qp and Qs are equal, what values of Q are required to produce an 8-kc 
band? 

Given: Find: 

/, « 456 kc = ? 

Width of band pass = 8 kc Os = ? 


Solution: 


— Width of band pass _^ _ 


fr 

^ ^ _ 2.25 _ 2.25 

QpQs - ^2 - (0.0175)2 

Qp ^ Qs ^ = 85.7 


= 7346 


2-31. Delayed-action Circuits. Inductors or capacitors may be used 
in electric, radio, and electronic circuits to control the time required for 
the current or voltage to reach a certain value. The operation of these 
circuits is based on the time constant of the resistance-inductance or 
the resistance-capacitance combination. These circuits are generally 
referred to as R-L and R-C circuits. 

Time Constant of Resistance’4nductance Circuits, Inductance, by 
definition (Art. 2-3), is the property of a circuit that opposes any change 
in the amount of current flowing in that circuit. The opposition to a 
change in the amount of current is caused by the induced voltage due to 
the self-inductance of the circuit. This induced emf will be in a direction 
opposite to that of the impressed voltage whenever the current is increas¬ 
ing in amount and in the direction of the impressed voltage when the 
current is decreasing in amount. 

If an inductor, which may be considered as a resistance and inductance 
in series, is connected to a direct current power source, a current will flow 
in the circuit. The amount of current that will flow will be its Ohm's 
law value, namely, the voltage applied to the circuit divided by the resist- 
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ance of the circuit. In a circuit having only resistance (Fig. 2-62a) the 
current will rise to its Ohm^s law value practically instantaneously, as 
indicated in Fig. 2-626. However, as the inductor has the effect of a 
resistance and inductance connected in series (Fig. 2-63a), the current will 
require an appreciable amount of time to reach its Ohm's law value, as is 
shown in Fig. 2-636. This is explained by the fact that in order for the 
current to reach its final value of 5 amperes, it must progressively pass 
through its lesser values such as 1, 2, 3, and 4 amperes. Under these 
conditions, the current is changing in amount, and the circuit will have an 
emf induced in it owing to the 
self-inductance of the circuit. 

This induced emf will oppose the 
impressed voltage and thus will 
prevent the current from reaching 

its Ohm's law value as long as the fa) 

induced emf is present. The cur¬ 
rent will, however, eventually 
reach its Ohm's law value, the ^ 
time required to accomplish this |. 
depending upon the relative val- 
ues of the inductance and resist- S 
ance. The current increases in a ^ 
manner indicated by the graph q 
shown in Fig, 2-636 and will rise 0 Time.seconds 

to 63.2 per cent of its final value 2^2.-Ch»ra?teri8tic8 of cmrent V8 

in a period of time, expressed in time for a circuit containinj; only resistance, 
seconds, equal to the inductance 
of the circuit divided by the resist¬ 
ance of the circuit. This is called the tirne constant of the circuit and is 
expressed mathematically as 

t = I (2-88) 

where t = time, seconds, for the current to reach 63.2 per cent of its final 
value 

L = inductance of the circuit, henries 

R = resistance of the circuit, ohms 

Example 2-26. An RrL circuit is used to control the time of closing a relay. 
The relay closes when the current reaches 63.2 per cent of its final value and the cir¬ 
cuit resistance and inductance are 12 ohms and 2.4 hennes respectively. What is 
the time interval between the closing of the line switch and the operation of the relay? 
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Given: Find: 

/? = 12 ohms i =» ? 

L « 2.4 henries 

Solution: 

/ = g = ^ = 0.2 second 

The time required for the current to reach values other than 63.2 per 
cent of the final value follows a curve known mathematically as an 





Fia. 2-63.—Characteristics of current and voltage vs time for a circuit containing 
resistance and inductance, (a) The circuit, (6) current vs time characteristics, (c) voltage 
vs time characteristics. 


exponential curve. The universal time-constant curves of Fig. 2-67 pro¬ 
vide a simple means of finding the current at any instant of time. 

Further analysis of the i2-L circuit will show that, when the current 
is increasing, the voltage drop across the resistance will increase at the 
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same time rate as the current. This is so because tlie voltage drop across 
the resistance at any instant of time is equal to the product of the current 
and the resistance. Furthermore, as the sum of the voltages around the 
circuit must be equal to the applied voltage, the induced emf due to 
the inductance must at any instant of time be equal to the applied 



CaJ 



(b) 



Time, seconds 


ic) 

Fia. 2-64.—Characteristics of current and volta^^e vs time, (a) The circuit, (b) cur¬ 
rent vs time characteristics with switch in position 2, (c) volta(;;e vs time characteristics 
with switch in position 2. 

voltage less the IR drop. Figure 2-63c shows the voltage characteristics 
of the circuit when the current is building up. 

The circuit shown in Fig. 3-64a is arranged so that the R-L cii’cuit 
may either be connected to the direct current power source or connected 
so that the inductance will be short-circuited through the resistance. 
If the circuit is connected to the direct current power source, a current 
will flow in the circuit and will rise to its Ohm’s law value according to 
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the current-time curve already described. When a current is flowing 
in the circuit, energy is transferred to the magnetic field. If the switch 
(Fig. 2-64a) is changed from position 1 to position 2, so that the induct¬ 
ance is disconnected from the power source and then instantaneously 
short-circuited across the resistance, the energy in the collapsing magnetic 
field will induce a voltage in the turns of the coil and will cause a current 
to flow in the circuit. The current will decrease as the energy is dissi¬ 
pated in the resistance. The rate at which the current decreases will 
depend upon the relative values of the inductance and the resistance. 
The current-time changes will also follow an exponential curve but will 
be a descending curve. As the inductance is now actually in parall(‘l 
with the resistance, the resistance voltage drop and the induced enif will 
be equal in value and will decrease according to an exponential curve. 
The current-time characteristics are shown in Fig. 2-646 and the voltage¬ 
time characteristics are shown in Fig. 2-64c. The time in seconds as 
determined by L divided by R now represents the time in which the cur¬ 
rent (and voltage) decreases 63.2 per cent; hence the current and voltage 
will drop to 36.8 per cent of their maximum values in L/R seconds. 
The time required for the current and voltage to decrease to values other 
than. 36.8 per cent of their maximum values can be found by use of the 
universal exponential curves presented at the end of this article. 

Time Constant of Resistance-capacitance Circuits, Capacitance, by 
definition (Art. 2-10), is the property of a circuit that opposes any change 
in the amount of voltage. The opposition to a change in the voltage 
across a capacitor may be explained by the fact that in order to accom¬ 
plish a change in voltage the number of electrons at the plates of the 
capacitor must be changed. This requires a passage of electrons from 
one plate of the capacitor to the other and hence a current must flow 
before there can be a change in voltage. If the voltage across the capaci¬ 
tor is increased, electrons will flow from the positive plate to the negative; 
if the voltage across the capacitor is decreased, electrons will flow from 
the negative plate to the positive. In either case a current flow must 
precede a change in voltage at the plates of the capacitor. 

If a perfect capacitor, that is, one having no resistance, is connected 
to a direct-current power source, a high current surge will flow instantly 
and will charge the capacitor. As the capacitor becomes charged almost 
instantaneously, the amount of current flow will decrease rapidly. The 
capacitor will charge to the value of the impressed voltage and the cur¬ 
rent flow will diminish to zero practically instantaneously. 

If the capacitor, or its circuit, contains resistance in addition to the 
capacitance (Fig. 2-65a), the capacitor will become charged to the same 
value of voltage but will require a longer period of time to reach its final 
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value. The voltage increases in a manner indicated by the graph shown 
in Fig. 2-G56 and will rise to 63.2 per cent of its final value in a period of 
time, expressed in secjonds, equal to the product of the capacitance and 



Time, seconds 


(cj 

Fig. 2-65. —Characteristics of current and voltage vs time for a circuit containing 
resistance and capacitance, (a) The circuit, (b) capacitor volts vs time characteristics, 
(c) current and resistance volts vs time characteristics. 

resistance of the circuit. This is called the time constant of the circuit 
and is expressed mathematically as 

t - CR (2-89) 

where t = time, seconds, for the voltage across the capacitor to reach 
63.2 per cent of its final value 
C = capacitance of the circuit, farads 
B « resistance of the circuit, ohms 
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Example 2-27. What is the time constant of an automatie-voliune-rontrol filter 
circuit that uses a 1 2r)-meKohm resistor and a 0.25 ^if capacitor? 

Given: Find: 

= 1 25 megohms t = ? 

C = 0.25 /if 

Solution: 

t ^ CE ^ 0.25 X 10-8 X 1.25 X 10« = 0.3125 second 


The time required for the voltage to reach values other than 63.2 per 
etuit of the final value follows an exponential curve*. The universal time- 





Timc, seconds 
(c) 


Fio. 2-66.—Characteristics of current and voltage vs time, (a) The circuit, (6) cur¬ 
rent vs time characteristics with switch in position 2, (c) voltage vs time characteristics 
with switch in position 2. 

constant curves of Fig. 2-67 provide a simple means of finding the 
voltage at any instant of time. 

If the switch in the circuit of Fig. 2-66a is closed to position 1, the 
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voltage and current characteristics of the circuit will conform to the 
voltage-time and current-time curves shown in Fig. 2-65. While a 
current is flowing in the circuit energy is being stored in the capacitor. 
If the SAvitch (Fig. 2-66a) is changed from position 1 to position 2, the 
energy stored in the capacitor will cause a current to flow in the resistor 
and the capacitor will discharge through the resistor. At the instant of 



Fig. 2-67.—Universal time-constant curves. 

closing the switch the current will be at its highest value (Ohm^s law 
value) and will decrease exponentially, as shown in Fig. 2-666. The 
voltage across the capacitor and resistor will be equal in amount and will 
also decrease exponentially with time, as is shown in Fig. 2-66c. 

Universal Time-constant Curves, The time required for the current 
of an R-L circuit or the voltage across the capacitor of an R-C circuit to 


Table II-IV.— Ascending Curve 


k 

time 

constants 

Per cent of 
maximum 
value 

k 

time 

constants 

Per cent of 
maximum 
value 

k 

time 

constants 

Per cent of 
maximum 
value 

0.00 


0.70 

50.3 

2.50 

91.8 

0.05 

4.9 

0.80 

55.1 

3.00 

95.0 

0.10 

9.5 

0.90 

59.3 

3.50 

97.0 

0.15 


1.00 

63.2 

4.00 

98.2 


18.1 

1.20 

69.9 

4.50 

98.9 

0.30 

25.9 

1.40 

75.3 

5.00 

99.3 

0.40 


1.60 

79.8 

5.50 

99.6 


39.3 

1.80 

83.5 

6.00 

99.8 


45.1 

2.00 

86.5 

7.00 

99.9 
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reach values other than 63.2 per cent of their final values may be deter¬ 
mined mathematically by use of suitable equations. The mathematics 
involved is beyond the scope planned for this text. A shorter and more 
convenient method of determining the time required to attain any per¬ 
centage of the final value is by use of time-constant curves. As all of the 
current-time and voltage-time relations vary exponentially, it is possible 
to represent these variations by the two general exponential curves shown 
in Fig. 2-67. These curves are plotted from values obtained mathemat¬ 
ically and listed in Tables II-IV and II-V. 


Table IT-V.— Hescending Curve 


k 

time 

constants 

Per cent of 
maximum 
value 

k 

time 

constants 

Per cent of 
maximum 
value 

k 

time 

constants 

Per cent of 
maximum 
value 

0.00 

100 

0.70 

49.7 

2.50 

8.2 

0.05 

95.1 

0.80 

44.9 

3.00 

5.0 

0.10 

90.5 

0.90 

40.7 

3.50 

3.0 

0.15 

86.0 

1.00 

36.8 

4.00 

1.8 

0.20 

81.9 

1.20 

30.1 

4.50 

1.1 

0.30 

74.1 

1.40 

24.7 

5.00 

0.7 

0.40 

67.0 

1,60 

20.2 

5.50 

0.4 

0.50 

60.7 

1.80 

16.5 

6.00 

0.2 

0.60 

54.9 

2.00 

13.5 

7.00 

0.1 


Example 2-28. An R-L circuit used to control the action of a switch has a resist¬ 
ance of 12 ohms and an inductance of 0.5 henry and is connected to a 6-volt battery, 
(a) If the switch operates when the current attains 63.2 per cent of its final value, 
what time is required to operate the switch? (6) If the switch requires 400 ma to 
operate, what is the time between the start of current flow and the closing of the switch ? 

Given: Find: 

= 12 ohms (a) t — ? 

L = 0.5 henry (5) f « ? 

Solution: 

(а) i » ^ ^ = 0.0416 second 

E 6 

(б) maximum current value » -s-x « 0.5 amp 

li x£ 

400 

Per cent of maximum current required to operate the switch = ggg X 100 « 
80 per cent 

From curve, Fig. 2-67, A; = 1.6 
^ * S “ - 0 0666 second 

Example 2-29. A 0.005-/if capacitor and a 2-megohm resistor are connected to 
form an R~C circuit. If the R-C combination is connected to a 300-volt source of 
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d-c power, what time is required for the voltage across the capacitor to reach (a) 
100 volts, (6) 200 volts, (r) 270 volts? If the capacitor becomes fully charged (300 
volts) and is then discharged through the 2-niegohm resistor, vhat time is required 
to discharge the capacitor to (d) 250 volts, (e) 200 volts, (/) 110 volts, (gr) 50 volts? 


Given: 

R — 2 megohms 
C = 0.005 fii 


Find: 
t = ? 


Solution: 


(9) 


100 


(a) Per cent of maximum value == X 100 = 33.3 per cent 

oOO 

k (from Fig. 2-67) = 0.40 

t = kCR = 0.40 X 0.005 X lO"® X 2 X 10® = 0.004 second 


(h) Per cent of maximum value = 


200 


300 ^ ~ ^ 

k (from P"ig. 2-67) = 1.1 

t = kCR = 1.1 X 0.005 X 10-® X 2 X 10® = 0.011 second 

270 

(c) Per cent of maximum value = ^ X 100 = 90 per cent 

oOO 

k (from Fig. 2-67) = 2.27 

t = kCR = 2.27 X 0.005 X lO"* X 2 X 10« = 0.0227 second 

250 

(d) Per cent of maximum value = X 100 = 83.3 per cent 
k (from Fig. 2-67) =0.19 

t = kCR = 0.19 X 0.005 X lO"' X 2 X 10« = 0.0019 second 

200 

(e) Per cent of maximum value = X 100 = 66.6 per cent 
k = (from Fig. 2-67) = 0.40 

t = kCR = 0.40 X 0.005 X lO"® X 2 X 10® = 0.004 second 
(/) Per cent of maximum value = ^ X 100 = 36.6 per cent 


300 

= (from Fig. 2-67) = 1 

kCR = 1 X 0.005 X 10-® X 2 X 10® = 0.01 sc'cond 


50 


Per cent of maximum value == X 100 = 

k = (from Fig. 2-67) = 1.8 
t » kCR = 1.8 X 0.005 X lO"® X 2 X 10® 


16.6 per cent 
= 0.018 second 


Uses of Delayed-<iction Circuits, There are numerous applications 
of jB-C and R-L circuits both in radio and in industrial electronics. A 
few of the applications are as follows. 

A grid-leak detector circuit (see Chap. V) uses a capacitor and a 
resistor connected in parallel in the grid circuit of the detector tube. 
Actually this R-C combination is a time-constant circuit and the values 
of R and C are chosen to produce a time constant of sufficient duration 
that the charge on the capacitor gained during the positive half cycles 
does not have time to completely discharge through the resistor during 
the negative half cycles. Other examples of time-constant circuits in 
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radio apparatus include automatic volume control, relaxation oscillator, 
and trigger circuits. 

Industrial applications of time-constant cinuiits include controlling 
the length of time for a specific manufacturing operation, timing of elec¬ 
tric welders, timing the exposure of photofinishing processes, timing of 
instruments, producing repeated action for life tests, and motor control. 

BIBLIOGRAPHY 

Albert, A. L., The Electrical Fundamentals of Communication, McGraw-Hill Book 
Company, Inc., New York. 

Dawes, C. L., Course in Electrical Engineering, Vols. I and IT, McGraw-Hill Book 
Company, Inc., New York. 

Deelby, P. M., Electrolytic Capacitors, The Cornell-Dubilior El(‘ctric Corporation, 
South Plainfield, N. J. 

Fletcher, G. L., Mosbacher, I., and Lehman, S., Unified Physics, McGraw-Hill 
Book Company, Inc., New York. 

Ghirardi, a. a., Radio Physics Course, Murray Hill Books, Inc., New York. 
Gilbert, N. E., Electricity and Magnetism, The Macmillan Company, New York. 
Henney, K., Principles of Radio, John Wiley & Sons, Inc., New York. 

Magnusson, C. E., Electric Transients, McGraw-Hill Book Company, Inc., New York. 
Mallory-Yaxley Radio Service Encyclopedia, P. R. Mallory & Co., Inc., Indianapolis, 
Ind. 

Manly, H. P., Drake^s Cyclopedia of Radio and Electronics, Frederick J. Drake k Co., 
Chicago. 

Slurzberg, M., and Osterheld, W., Electrical Essentials of Radio, McGraw-Hill 
Book Company, Inc., New York. 

Terman, F. E., Fundamentals of Radio, McGraw-Hill Book Company, Inc., New York. 
Timbib, W. H., Elements of Electricity, John Wiley & Sons, Inc., New York. 

Turner, R. P., Methods of Measuring Radio Frequencies, Radio News, January, 
1943. 

Turner, R. P., Delay and Timing Circuits, Radio News, August, 1943. 

Watson, H. M., Welch, H. E., Eby, G. S., Understanding Radio, McGraw-Hill 
Book Company, Inc., New York. 

QUESTIONS 

1 . Name and describe the various types of resistors (a) when classified according 
to material used, (6) when classified according to their control. 

2 . Give four applications of resistors to* radio circuits. 

8 . Why must the power rating of a resistor be taken into consideration? 

4 . Explain the use of (a) a rheostat, (6) a potentiometer. 

6. What is meant by taper? Why is taper necessary? 

6. Describe three characteristics of inductance that are important to the study of 
radio. 

7 . What is meant by (a) self-inductance? (b) Mutual inductance? 

8 . What is the relation between mutual inductance and the coefficient of cou¬ 
pling? 

9. Explain two effects that inductance has upon the current flowing in an a-c 
circuit. 
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10. What is meant by inductive reactance? What factors of the circuit determine 
its value? 

11. What is meant by the impedance of an inductance coil? How do the values 
of impedance and inductive reactance compare for coils generally used in radio 
circuits? 

12. Why does the current lag the voltage in an a-c circuit that contains inductance? 

18. Describe three methods of neutralizing the effects of inductance. 

14. Explain the characteristics and uses of each of the following types of chokes: 
(a) power supply, (6) audio frequency, {c) radio frequency. 

15. Explain the characteristics and uses of each of the following types of trans¬ 
formers : (a) power supply, (6) audio frequency, (c) radio frequency, (d) intermediate 
frequency. 

16. Why is it necessary to shield high-frequency coils? What precautions should 
be taken in the construction of a shield? 

17. Describe each of the three resistance effects that are combined in the a-c 
resistance of a coil. 

18. I3escribe two characteristics of capacitance that are important to the study 
of radio. 

19. What factors affect the capa(;itance of a capacitor? 

20. Why does the voltage*, lag the current in an a-c circuit that contains capaci¬ 
tance? 

21. What is meant })y the impedance of a capacitor? How does the value of 
impedance and c-apacitive reactance compare for capacitors generally used in a-c 
circuits? 

22. Describe the characteristics for each of the following types of capacitor: (a) 
mica dielectric, (b) paper dielectric, (c) oil dielectric. 

23. Describe the construction of (a) a wet electrolytic capacitor, (6) a dry electro¬ 
lytic capacitor. 

24. State three advantages of electrolytic capacitors. State a disadvantage of 
electrolytic capacitors. 

26. Describe the constructional features of each of the following types of variable 
capacitors: (a) broadcast, (6) midget, (c) micro, (d) split-stator, (e) transmitting, 
(f) adjustable. 

26. How are capacitors generally rated in regards to voltage? 

27. Describe three effects of distributed capacitance. 

28. Describe five classifications of electric circuits in regards to the maimer in 
which the circuit elements are connected. 

29. What is meant by Ohm^s law for a-c circuits? 

30. In a series a-c circuit, what is the relation between the complete circuit and 
the individual circuit elements in regards to (a) current, (b) voltage, (c) resistance, 
(d) inductive reactance, (e) capacitive reactance? 

31. In a parallel a-c circuit, what is the relation between the complete circuit and 
the individual circuit elements in regards to (a) current, (b) voltage, (c) resistance^ 
(d) inductive reactance, (e) capacitive reactance? 

32. What is meant by resonance? 

38. What is the recommended procc*.dure to be followed in order to determine the 
classification of a resonant circuit? 

34. What is the relation between the line voltage and the reactive voltages for a 
series resonant circuit? 

85. Describe the impedance and current characteristics of a scries resonant circuit. 
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86. What is the relation between the line current and the reactive currents for a 
parallel resonant circuit? 

37. What are the impedance and line-current characteristics of a parallel resonant 
circuit? 

38. What is the purpose of resonance curves? 

39. How do the resonance curves for a series resonant circuit compare with those 
for a parallel resonant circuit? 

40. What is meant by circuit Q? How docs the circuit Q of a tuned circuit com¬ 
pare with the coil Q? 

41. What is the relation between the circuit Q of a tuned circuit and (a) the 
selectivity, (h) the width of the resonanc,e curve? 

42. How does the LC ratio affect the selectivity of (a) a series tuned circuit, 
(h) a parallel tuned circuit? 

43. What is meant by filter action? What are the five principl(\s of a-c circuits 
upon which the action of any filter circuit depends? 

44. Dc^scribe each of the following type's of filters: (a) low-pass filte'.r, (b) high-pass 
filter, (c) band-pass filter, (d) band-stop filter. 

46. What is the purpose of m-derived filters? How are w-derived filters con¬ 
structed? 

46. Why is it necessary to couple circuits? 

47. How is coupling accomplished in (a) a simple direct-coupled circuit? (h) 
A simple indirect-coupled circuit? 

48. What is meant by a complex-coupled circuit? Whejrc are complex-coupled 
circuits’used? 

49. lOxplain what is meant by the following terms: (a) coefficient of coupling, 
(b) critical coupling, (c) tight coupling, (d) loose coupling, (c) optimum coupling. 

60. What is meant by coupled impedance? How does coupled impedance affect 
the primary circuit? 

61. Explain the relation between coupled impedance and the coefficient of coupling. 

62. Explain the effects of coupled impedance on the primary circuit in a circuit 
having (a) an untuned primary and an untuned secondary, (h) a circuit with an 
untuned primary and a tuned secondary, (c) a circuit with a tuned primary and 
a tuned secondary. 

63. What is meant by a band-pass amplifier circuit? What are its circuit char¬ 
acteristics? 

64. How does the shape of the response curve of a band-pass circuit vary with 
the coefficient of coupling? 

66. In a band-pass circuit, what effect has the coefficient of coupling on the width 
of band pass? 

66. In a band-pass circuit, what is the .relation between the circuit Q and the 
coefficient of coupling? 

67. What is the essential purpose of time-delay circuits? 

68. Explain the operation of a delayed-action (a) R-L circuit, (h) R~C circuit. 

69. What is meant by the time constant of a delayed-action (a) R-L circuit, 
(6) R-C circuit? 

60. What is the purpose of the universal time-constant curves? How are they 
used in the solution of time-delay circuits? 

61. Name four applications of time-delaj'^ circuits. Explain the circuit actions 
of one of these applications. 
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PROBLEMS 

1. What is the power rating of the following resistors: (a) a 50-ohm resistor that 
can carry 200 ma, (6) a 10,000-ohm resistor that can carry 10 ma, (c) a 250,000-ohm 
resistor that can carry 2 ma, {d) a 50-ohm resistor that can carry 1000 ma? 

2. What is the current rating of the following resistors: (o) a 50,000-ohm 10-watt 
resistor, (6) a 25-watt 1500-ohm resistor, ic) a i-watt 2-megohm resistor, {d) a 5-watt 
750-ohm resistor, (c) a J-watt 3-megohm resistor? 

8 . A 25,000-ohm potentiometer having a uniform resistance is used to obtain 30 
volts across a load; the power source is rated at 90 volts, (a) What is the current in 
each part of the potentiorn(iter (so(i Fig. 2-4) if the load resistance is 5000 ohms? 
(6) What is the current in each part of the potentiometer if the load resistance is 
10,000 ohms? 

4. A flux of 20,000 lines links the turns of a coil having 200 turns, (a) What is the 
value of the induced voltage if the flux decreases to zero in 0.025 second? (6) What 
is the inductance of the coil if a current of 50 ma is required to produce the flux of 
20,000 lines? (c) How much eiuTgy is stored in the magnetic field? 

5. A flux of 20 lines links a coil having 30 turns. The flux in the coil is varying 
in accordance with an alternating current and therefore varies from zero to maximum 
value (and vice versa) in one-quarter of a cycle. What is the value of the induced 
voltage at the following values of frequency: (o) 500 cycles? (6) 500 kc? (c) 1500 
kc? (d) 30 me? 

6. What is the inductance of each of the following coils: (a) a 400-turn multilayer 
coil whose dimensions are a = J inch, 5=2 inches, c = J inch? (5) A 40-turn flat 
coil whose dimensions are a = li inches, c = IJ inches? (c) A 200-turn solenoid 
whose dimensions are a = -J inch, 5=3 inches? 

7. What is the inductance of each of the following coils: (a) a 32-turn flat coil 
whose dimensions are a = li inches, c = 1} inches? (5) A 320-tum solenoid whose 
dimensions are a = f inch, 5=5 inches? (c) A 1000-turn multilayer coil whose 
dimensions are a = 1 inch, 5=2 inches, c = J inch? 

8 . What is the mutual inductance of two coils wound adjacent to one another? 
Assume that all the magnetic lines set up in the first coil cut all the turns of the 
second coil. The primary coil consists of 800 turns wound on a cardboard core 1 inch 
in diameter and 4 inches long. The secondary coil consists of 1600 turns wound on 
a cardboard core li inches in diameter and 4 inches long. 

9. Find the coefficient of coupling for each of the following combinations: (a) 
two coils whose self-inductances are 0.05 and 0.08 mh and whose mutual inductance 
is 0.015 mh, (5) two coils whose self-inductances are 40 and 62.5 /*h and whose 
mutual inductance is 16 fih, (c) two coils whose self-inductances are 4 and 9 mb 
and whose mutual inductance is 240 fih. 

10. Two coils, the first having 50 turns and the second 100 turns, are placed so 
that only 5 per cent of the lines set up by coil 1 link coil 2. If 800 lines are set up when 
6 ma flow through coil 1, what voltage will be induced across coil 2 if the current 
decreases from its maximum value to zero in 0.00005 second? 

11. What is the inductive reactance of a 2.5-mh choke coil at (a) 550 kc? (5) 1000 
kc? (c) 1500 kc? id) 4.25 me? 

12. A 15-henry choke coil that has a resistance of 375 ohms is connected to a 110- 
volt 60-cycle power supply. Find (o) the inductive reactance, (5) the impedance, 
(c) the current, {d) the angle of lag. 
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18. It is desired to calculate the inductance of a choke coil from the readings 
obtained with the coil connected an a-c power source. 'I'he following are the read¬ 
ings obtained: voltmeter, 120 volts; milliamraeter, 80 ma; wattmeter, 1.6 watts; 
frequency meter, 60 cycles, (a) What is the impedance of the coil? (b) What is the 
resistance of the coil (determined from the wattmeter and ammet(^r readings)? 
(c) What is the inductive reactance of the coil? (d) Wliat is the inductance of the 
coil? 

14. Two coils, one having an inductance of 150 /xh and the second of 600 Aih, are 
arranged so that they may be connected in series in the various ways shown in Fig. 
2-9. What is the inductance of the circuit when the two coils are connectf*d in series 
so that they are (a) aiding and the coupling is 100 per cent? (6) Opposing and the 
coupling is 100 per cent? (c) In a position that produccis zero coupling? (d) Aiding 
and the coupling is 50 per cent? 

16. The transformer shown in Fig. 2-68 has 460 turns on its primary winding. 
(a) How many turns are there on the winding section cd? (6) Section ef? (c) Section 
gh? (d) Section ik? (e) Sections ij and jk? 


US volts 

- 


-j- 

2.5 volts 


S 6.3 volts 


—j- 

Svolts 


§ 435volts 
:§ ' 


>e 


^9 


U 


g—{-o/* 670 volts 
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16. A fibced capacitor is made of 720 plates of lead foil, each 2 by 3 inches, separated 
by a beeswaxed paper dielectric 0.006 inch thick, (a) What is its capacitance? (6) 
What charge is produced in the capacitor when it is connected across a 250-volt d-c 
power supply? (c) How much energy is stored in the capacitor? 

17. How many plates must be used to make a fixed capacitor of 0.0005 if the 
plates are i inch square and the dielectric is made of mica sheets 0.007 inch thick? 

18. What is the capacitance of a rolled-type fixed capacitor consisting of two plates, 
each 1 inch wide and 162 inches long, separated by paraffined paper 0.005 inch thick? 

19. What is the maximum capacitance of a 21-plate variable capacitor if each 
plate has an area of 2.75 square inches and the air gap is 0.025 inch? 

20. What is the capacitance of a 15-plate midget variable capacitor if the area of 
each rotor plate is 0.80 square inch and the air gap is 0.025 inch? 

21. What is the capacitance of a 14-plate micro variable capacitor if the area of 
each plate is 0.35 square inch and the air gap is 0.0205 inch? 

22 . What is the capacitive reactance of a O.OOl-^f capacitor when connected in a 
drcmt of the following high-frequency currents: (a) 660 kc? (6) 1000 kc? (c) 1600 
kc? (d) 4.25 me? 
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28. An 6-/if fixed capacitor that has a resistance of 10 ohms is connected to a 110- 
volt 60-cycle power supply. Find; (a) the capacitive reactance, (6) the impedance, 
(f) the current, (d) the power factor, (e) the phase auRle, (/) the power. 

24. What is the capacitance of the following circuits: (a) An 8-, a 4-, and two 2-/*f 
capacitors connected in parallel? (6) An 8-, a 4-, and two 2-^if capacitors connected 
in series? 

26. What is the capacitance of the circuit shown in Fig. 2-69? 
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26. A four-tube radio set has its heaters connected in scries. The rated voltages 
arc 25, 6.3, 6.3, and 12.6 volts, and th(‘y all draw 0.3 ampere, (a) What value of resist¬ 
ance must be connected in series with these heaters in order to operate them directly 
from a 110-volt line? (6) How much power is consumed by the dropping resistor? 

27. A 500-, a 400-, and a 600-ohm resistor are connected in parallel across a 300- 
volt power line. Find (a) the total resistance of the circuit, (6) the current in each 
resistor, (c) the line current, id) the power taken by each resistor, (e) the power taken 
by the circuit. 

28. A radio receiver has five tubes whose heaters each draw 0.3 ampere. The heaters 
are connected in parallel to a 2.5-volt tap of the power transformer, (a) What is the 
resistance of each heater? (b) What is the resistance of the heater circuit? (c) 
What is the total current taken from the power transformer by this heater circuit? 

29. Find the following quantities for the circuit shown in Fig. 2-70: (a) the resist¬ 
ance of each group, (6) the resistance of the complete circuit, (c) the line current, (d) 


Rj-tSOn R^-fSO/i Rj» 60 ji 




— 


—AAA^^ 

Rz’SOa 

^ AAA __. 



Rg^JOA 

1 AAAftj t 







Ri^tBQA 


Rs-ISa 


Rs^SOa 



—* 

1 



--- JOOvolts .♦] 

Fig. 2-70. 

the power consumed by the complete circuit, (e) the voltage across each resistor, 
Cf) the current in each resistor, (g) the power consumed by each resistor. 

80. Find the following quantities for the circuit shown in Fig. 2-71; (a) the resist¬ 
ance of each group, (6) the resistance of the complete circuit, (c) the line current, 
(d) the power consumed by the complete circuit, (e) the current in each resistor, 
(f) the voltage across each resistor, (flf) the power consumed by each resistor. 
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81. The series circuit shown in Fig. 2-72 is (*onnectcd to a 100-volt 60-cycIe power 
Jne. Find: (a) the resistance of the circuit, (h) the inductive reactance of the circuit, 
^c) the capacitive reactance of the circuit, (d) the impedance of the circuit, (e) the line 
current and the current in each circuit element, (f) the impedance of each circuit 
element, (g) the voltage across each circuit element, (h) the power consumed by each 
circuit element, (f) the power taken from the line, (j) the power factor of each circuit 


-^ 2 —'+- Cj .^ 

^-^AAAr-^^F^-■LyvSAAH 

r^2S0n r-20ji r~200n r=^JOji 
X£22S0 ji 


Xj:3000a 


X^ 26 S 0 n 


X^SJOOn 


100 volts __ 

OOcydes 
Fig. 2-72. 


clement, (A;) the power factor angle of each circuit element, (0 the power factor of the 
complete circuit, (w) the power factor angle of the complete circuit. 

92. The parallel circuit shown in Fig. 2-73 is connected to a 100-volt 60-cycle 
power line. Find: (a) the current flowing in each branch of the parallel circuit, 
(6) the line current, (c) the power taken by each branch, (d) the power taken by the 
whole circuit, (e) the power factor of the circuit, (/) the phase angle between the line 
current and the line voltage, (g) the impedance of the circuit. 
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83. A series tuned circuit has an inductance of 725 /ih- At what value of capaci¬ 
tance must its variable capacitor be adjusted in order to obtain resonance for the 
following frequencies: (a) 500 kc? (b) 880 kc7 (c) 1600 kc? 

34. A series tuned circuit has an inductance of 316 jjih and a variable capacitor 
whose maximum capacitance is 320 ft/ii, (o) What is the resonant frequency when the 
capacitor is set for the maximum value? (b) At what value must the capacitor be set 
in order to make the circuit resonant at 1070 kc? (c) What is the highest resonant 
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frequency that can be obtained if the minimum value of the variable capacitor is 15 

/x/xf? 

35. A variable capacitor having a maximum capacitance of 350 #x/xf is used for 
tuning a broadcast receiver, (a) What inductance is required to make the circuit 
resonant at 500 kc when the capacitor is set at its maximum value? (b) What is the 
highest resonant frequency that can be obtained with this coil if the minimum value 
of the capacitor is 15 ^x/nf? 

36. If the coil of Prob. 35, together with the circuit wiring, has a distributed 
capacitance of 15 /x^ixf, what will the frequency range of the circuit be? Note: The 
distributed capacitance is considered as a capacitor connected in parallel with the 
variable capacitor. 

37. It is desired to cover a short-wave band whose lowest frequency is to be 1700 
kc by the use of a fixed capacitor Cs connected in series with the tuning capacitor 

as shown in Fig. 2-74. The maximum and minimum capacitance of the tuning 


Cs 


Fig. 2-74. 



capacitor are 350 /x^tf and 15 /x/xf, respectively, the inductance of the secondary is 290 /xh, 
and the distributed circuit capacitance is 15 /x/xf. (a) Find the capacitance of the 
series capacitor Cs. (b) What is the highest frequency to which the circuit may be 
tuned if the distributed circuit capacitance is to be taken into consideration and the 
series capacitor is used as determined in part o? (c) What is the highest frequency to 
which the circuit may be tuned if the distributed circuit capacitance is ignored? 
(d) What is the highest frequency to which the circuit may be tuned if the distributed 
circuit capacitance is ignored and the minimum value of the variable capacitor is 
10 /x/xf? 

38. A series resonant circuit has a resistance of 12 ohms and an inductive reactance. 
of 300 ohms at its resonant frequency, (a) What is the value of the circuit Q? (b) 
What is the voltage across the inductor, the capacitor, and the resistor at resonance if 
the applied voltage is 10 volts? (c) What is the impedance of the circuit at resonance? 
(d) A^at is the value of the current at resonance if the applied voltage is 10 volts? 

39. A 70- to 140-/x/xf adjustable capacitor and an inductance coil are connected 
in parallel to form the primary side of an i-f transformer whose resonant frequency is 
to be 460 kc. (a) What inductance must the coil have if the circuit is to be resonant 
at 460 kc when the adjustable capacitor is set at its mid-value of 105 /x/xf? (b) What 
is the Q of the primary winding if its resistance is 12 ohms? (c) What is the imped¬ 
ance of the circuit at resonance? (d) What is the line current at resonance if the 
voltage across the tuned circuit is 50 volts? (e) What is the current in the inductor 
circuit at resonance? (/) What is the current in the capacitor circuit at resonance? 

40. A 2.5-mh coil and a 25- to 80-/i/xf adjustable capacitor are coimected in parallel 
to form the primary of an i-f transformer whose resonant frequency is 460 kc. (a) 
At what value must the capacitor be set in order to obtain resonance at 460 kc? 
(b) What is the Q of the winding if its resistance is 13.75 ohms? (c) What is the imped¬ 
ance of the circuit at resonance? (d) What is the line current at resonance if the 
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voltage across the tuned circuit is 00 volts? (e) What is the current in the inductor 
circuit at resonance? (/) What is the current in the capacitor circuit at resonance? 

41. A parallel resonant circuit is to be used as a wave trap to eliminate the effects 
of a 1300-kc signal. The circuit has a resistance of 1.5 ohms and a capacitance 
(distributed and wiring) of 10 tifii, (a) What value of inductance must be used with a 
capacitor whose value is 65 fifii? (6) What is the circuit Q? (r) What is the width 
of the band being eliminated? 

42. What is the band width of a tuned circuit at a resonant frequency of 456 kc 
if the circuit Q is 45.6? 

43. What is the band width of a tuned circuit at a resonant frequency of 262 kc 
if the circuit Q is 25? 

44. Plot the series resonance curves (Q vs. /r) for a circuit having a capacitance of 
100 MMf and an inductance of 253 Aib. Assume the impressed voltage to be 500 mv 
and plot curves for the conditions when R equals 5 ohms and when R equals 10 ohms. 

45. Plot the parallel resonance curves (Z vs. fr) for a circuit having a capacitance 
of 100 /xAtf and an inductance of 253 /xh. Plot two curves, one for the condition when 
R equals 5 ohms and the other when R equals 10 ohms. 

46. A 2000-ohm 50-watt resistor has an inductance of 3 /xh. What is the imped¬ 
ance of the resistor at (a) 500 cycles? (b) 500 kc? (c) 1500 kc? (d) 4 me? (e) 
15 me? (f) 65 me? 

47. The 2000-ohm 50-wait resistor of Prob. 46 has a distributed capacitance of 
2 /x/xf. If the inductance is neglected and only the resistance and distributed capaci¬ 
tance are considered, what is its impedance at (a) 500 cycles? (6) 500 kc? (c) 
1600 kc? (d) 4 me? (e) 15 me? (f) 65 me? 

48. The 2000-ohm 50-watt resistor referred to in Probs. 46 and 47 has an induct¬ 
ance of 3 fill and a distributed capacitance of 2 /x/xf. Considering all three effects, 
what is its impedance at (a) 500 cycles? (6) 500 kc? (c) 1500 kc? (d) 4 me? 
(e) 15 me? (/) 65 me? 

49. A 2.5-mh choke has a resistance of 70 ohms. If its distributed capacitance is 
ignored, what is its impedance at (a) 460 kc? (6) 1600 kc? (c) 4 me? (d) 15 me? 

60. If the choke coil of Prob. 49 has a distributed capacitance of 1 /xuf, what is its 
impedance at (a) 460 kc? (b) 1600 kc? (c) 4 me? (d) 15 me? 

61. It is desired that a filter choke having a resistance of 80 ohms oppose the flow 
of a 60-cycle current with twenty times the opposition that it offers to direct current. 
What is the inductance of the coil? 

62. (a) To which type of current will a 0.05-/xf capacitor offer the greater opposi¬ 
tion, a 4000-cycle a-f signal or a 1600-kc r-f signal? (b) How many times greater is 
the larger impedance than the smaller impedance? (c) Which type of current is 
blocked by this capacitor? 

63. A 20-mh choke coil and a 500-/x/xf capacitor are connected as shown in Fig. 

2-44c to form a low-pass filter circuit. What opposition is offered by the capacitor 
(a) to the highest frequency audio signal usually obtained in a radio receiver (5000 
cycles) ? (6) To the lowest frequency carrier wave usually obtained in a radio receiver 

(600 kc)? What opposition is offered by the inductor (c) to a 5000-cycle signal? 
(d) To a 500-kc signal? 

64. A 4-henry choke coil and a 0.1-/xf capacitor are connected as shown in Fig. 

2-46c to form a high-pass filter circuit. What opposition is offered by the capacitor 
(a) to 60 cycles (power disturbances) ? (b) To a 1200-cycle a-f signal? What opposi¬ 

tion is offered by the inductor (c) to 60 cycles? (d) To a 1200-cycle a-f signal? 

56. A 5000-ohm resistor and a 0.5-/4f capacitor are connected in parallel to form a 
resistor-capacitor filter circuit, (a) What impedance does the capacitor offer to a 
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5000-cycle current? (b) Which path will the major portion of the 5000-cycle current 
take? 

56. A circuit similar to the one shown in Fig. 2-52a is to be used in the r-f stage of a 
receiver. It is desired that the capacitor offer an impedance of one hundred times that 
of the resistor, whose value is 7500 ohms. What size capacitor is required if the 
signal is 1500 kc? 

67. A 7200-ohm resistor and a 20-A<f capacitor are connected as shown in Fig, 

2-525. (a) What impedance does the capacitor offer to a 100-cycle a-f signal? (5) 

Will the a-f signal take the path of the capacitor or of the resistor? 

68. A mutual-inductive-coupled circuit is shown in Fig. 2-75, together with the 
circuit values. Find (a) the itnpedaiHic coupled into the primary by the secondary, 
(5) the equivalent resistance component of the coupled impedance, (c) the equivalent 


M^.0emh 



Fig. 2-75. 


reactance component of the coupled impedance, (d) the equivalent circuit diagram, 
(e) the effective impedance of the primary, (/) the primary current, ig) the secondary 
voltage, (/i) the secondary current. 

69. An audio transformer with a 3 to 1 step-up ratio has an inductance of 80 
henries and a resistance of 100 ohms on its primary side. The inductance of the 
secondary winding is 720 henries and its resistance is 1000 ohms, (a) What value of 
inductance is reflected to the primary by the secondary? (5) What value of resistance 
is reflected to the primary by the secondary? (c) If a load impedance of 7200 ohms 
is connected across the secondary, what value of impedance is reflected to the primary 
by the secondary? (d) What value of inductance does the primary reflect to the 
secondary? (e) What value of resistance does the primary reflect to the secondary? 

60. An audio transformer with a 2.5 to 1 step-up ratio has an inductance of 50 

henries and a resistance of 80 ohms on its primary side. The inductance of the second¬ 
ary winding is 312.5 henries and its resistance is 500 ohms, (a) What value of 
inductanc.e is veflected by the primary to the secondary? (5) What value of resistance 
is reflected by the primary to the secondary ? (c) What value of inductance is reflected 

by the secondary to the primary? (d) What value of resistance is reflected by the 
secondary to the primary? (<?) If the load on the secondary has a capacitance of 
200 MAtf, what is the reflected capacitance at the primary side? 

61. (a) What is the approximate width of the frequency band passed by a band¬ 

pass amplifier circuit having a resonant frequency of 260 kc and a coefficient of cou¬ 
pling of 0.03? (5) What value of coefficient of coupling is req\iired to produce a band 

width of 10 kc? (c) If the primary and secondary Q's are equal, what is their value 
for the condition of coupling in (a)? (d) If the primary and secondary Q's are equal, 

what is their value for the condition of coupling in (5)? 

62. A band-pass filter to be used in the i-f amplifier of a radio receiver is to pass a 
band 10 kc wide centering about a frequency of 465 kc. (a) What is the coefficient 
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of coupling? (6) What is the circuit Q? (c) What is the capacitance of the tuning 
capacitors if the primary and secondary inductances are both 2 inh? 

63. It is desired that a band-pass circuit used in the i-f amplifier of a radio receiver 

pass a band 10 kc wide. The circuit Q is equal to 40. (a) What value of coefficient 

of coupling is required? (6) What are the extreme limits of the frequency band 
passed? (c) What is the capaciitance of the tuning capacitors if the inductance of 
the primary and secondary windings are 6 rnh each? 

64. A low-current d-c relay that has an inductance of 25 henries is connected in 
series with a 1000-ohm resistor to form an R-L time-delay control circuit operated on 
a 110-voIt d-c circuit, (a) Wliat is the time constant of the circuit? (6) If the relay 
closes when the current reach('s 88 ma, what time elapses between closing the line 
switch and operation of the relay? 

66. A low-current d-c relay having an inductance of 10 henries is to close 0.02 
second after the line switch is closed. What value resistor should be connected in s(*ries 
with the relay if it closes when the current reaches (a) 63.2 per cent of its final value? 
(6) 80 per cent of its final value? 

66. A broadcast-band receiver is to have an i?-C circuit with a time constant of 
0.2 second for its avc circuit, (a) What value resistor is required if a 0.1-/if capacitor 
is used? (6) What value resistor is required if a 0.15-iuf capacitor is used? (c) What 
value capacitor is n^quired if a 1-megohm resistor is used? 

67. A grid-leak detector circuit contains a 250-iUMf capacitor shunted by a 1-meg¬ 
ohm resistor, (a) What is the time constant of this circuit? (6) If the highest a-f 
signal to be applied to the circuit is 5000 cycles, what is the time required to complete 
one of these cycles? (c) Under the conditions of (a) and (6) will the capacitor ev(‘r 
become completely discharged? (d) Explain answer to (c). 

68. A 0.05-Mf capacitor and a 0.5-megohm resistor are connected to form an R-C 
circuit. The R-C combination is connected to a 250-volt, d-c source, (a) What time 
is required for the voltage across the capacitor to reach 50 volts, 100 volts, 200 volts? 
(6) \^at current flows when the switch is closed? (c) What current flows when the 
voltage across the capacitor reaches 200 volts? (d) If the capacitor is fully charged 
and is then discharged through the 0,5-megohm resistor, what is the current at the 
instant it starts to discharge? {e) What is the value of the voltage RC seconds after 
the capacitor starts to discharge? (/) At what time will the capacitor be discharged 
to half voltage? 



CHAPTER III 

SIMPLE RECEIVING CIRCUITS 

Radio transmitters throughout the world are simultaneously sending 
out their modulated radio waves in all directions, A modulated wave is 
produced by properly combining the audio signal to be transmitted with 
the carrier wave of the transmitter. A carrier wave, an audio signal, 
and the resulting modulated carrier wave are shown in Fig. 3-1. A radio 
receiver makes it possible to listen to the audio signals sent out from any 
one of the transmitters within the range of the n^ceiver. The basic 
operations are the same for a simple crystal receiver as for a complex 



(a) (b) (c) 

Fig. 3-1.—Wave forms of currents used in radio transmission, (a) High-frequency carrier 
wave, (6) audio signal wave, (c) modulated carrier wave. 




modem receiver using vacuum tubes. Through the study of the opera¬ 
tions of the crystal receiver the basic functions can easily be understood; 
the inclusion of vacuum tubes at this time would only complieate the 
subject. Once the fundamental operations of a radio receiver are thor¬ 
oughly understood, they can then be applied to vacuum-tube receivers. 

8-1. Functions of a Receiver. The essential functions of a receiver 
are: (1) to receive the various waves sent out by radio transmitters; 
(2) to select the desired radio wave and to exclude all others; (3) to 
separate the audio signal wave from the modulated carrier wave; (4) to 
convert the audio signal to sound waves. Observation of Fig. 1-11 Avill 
show that the fundamental operations of a receiver and transmitter are 
similar but are used in reverse order. 

When a radio wave cuts through a conductor it induces a voltage, or 
electrical pressure, in that conductor. This electrical pressure causes 
the free electrons in the conductor to be drawn toward the positive 
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terminal of the antenna circuit, thus setting up an electric current in 
that conductor. In a radio receiver this conductor is called the antenna. 

At any instant, a number of different radio waves are cutting through 
the receiving antenna, and each induces a voltage in the antenna. Since 
the signal of only one station should be heard at one time, some provision 
must be made for separating the desired signal from the others. The 
part of the receiver performing this function is called the selector or the 
tuner. When a receiver is properly tuned, the modulated carrier wave 
of only the desired station is utilized. The next function of the receiver 
is to separate the audio signal wave from the modulated carrier wave. 
This function is called detection and the part of the receiver doing this 
work is called the detector. 



Fig, 3-2.—Schematic diagram of a simple crystal receiver. 


A sound may be heard when air is set into motion and vibrates in a 
manner corresponding to the frequency of that sound. The final func¬ 
tion of the receiver therefore is to convert the audio-frequency signals 
from electrical impulses to sound waves. This is accomplished by causing 
a diaphragm to vibrate in accordance with the variations in strength 
and frequency of the audio signals. The unit that performs this function 
is known as the audible device and may be either a set of earphones or a 
loudspeaker. 

These four functions are performed by the simple receiving circuit 
shown in Fig. 3-2, in the following manner: (1) the antenna receives the 
radio waves; (2) the desired signal is selected by adjusting the slide-wire 
tuning coil; (3) the crystal detector allows only the audio component of 
the modulated wave to flow through it; (4) the earphones change the 
electrical impulses of the audio signals into sound waves. 

3-2. Reception. Types of Receiving Antennas. An antenna is a wire 
or system of wires made up in one of several forms and installed at 
sufficient height above the ground so that it is free from any surrounding 
objects. Throughout the development of radio numerous types of 
receiving antennas have been used. Some of these are still being used, 
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while others have become obsolete. Three simple types of antennas are 
shown in Fig. 3-4; these forms were used in the early stages of radio 
development and some are still being used. 



Fig. 3-3. —Illustration of the parts and circuit of the simple crystal receiver shown in 

Fig. 3-2. 



(a) (b) 


(c) 

Fig. 3-4.—Three types of simple antennas, (a) Inverted L with end connected lead-in, 
(6) T type with center connected lead-in, (c) doublet type with center connected lead-in. 


Purpose of the Antenna. The purpose of the antenna is to intercept as 
much of the radio-frequency power radiated by the transmitting station 
as is possible. This is true for all receiving antennas regardless of type 
or construction. The amount of voltage induced in an antenna will 
depend on the power and frequency of the transmitter, the distance 
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from the transmitter to the receiver, and the length, location, and direc¬ 
tion of the receiving and transmitting antennas. 

Although the power of a transmitter may be 50,000 watts or mom 
and the antenna voltage may be as high as 50,000 volts, only a few micro¬ 
watts of power are picked up by tlu' receiving antenna and the value of 
the induced voltage is only in microvolts. The voltage induced in a 
receiving antenna decreases as the distancie from the transmitting antenna 
increases. Because of this, the signal from a low'-power station cannot 
be heard over great distances. 

Factors Affecting the Manner of Construction of an Antenna. In order 
to obtain the maximum signal input for a receiver, it is necessary that the 
antenna intercept the maximum amount of energy possible from the 



(a) (b) (c) 

Fig. 3-5.—Three types of loop antennas, (a) Early loop antenna, (6) loop antenna used 
in modern receivers, (c) loop antenna used in modern receivers. 


transmitted wave. This is accomplished by constructing the receiving 
antenna in such a manner that its flat top will be in the direction that will 
enable it to intercept the maximum amount of energy from the trans¬ 
mitted wave. 

It is not possible to have a receiving antenna pick up the maximum 
energy of the signal transmitted by each broadcasting station. In the 
early days of radio, the antenna was generally installed so that it would 
pick up the maximum amount of energy from the weakest station. The 
direction of the receiving antenna is no longer as important a factor 
as in the past because of the increased power of the modem transmitters, 
and because of the increased over-all sensitivity of the modern receivers. 

In early radio sets, a loop antenna was mounted on the top of the 
receiver. These loop antennas (see Fig. 3-5) could be rotated so that 
the maximum signal input could be obtained for all stations. The 
modem midget and portable receivers are constmcted with a loop antenna 
mounted in the receiver. The effect of the relative directions of the 
receiving and transmitting antennas on these receivers can sometimes 
be observed by changing the position of the receiver, thus changing the 
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relative position of the receiving and transmitting antennas. It may 
be observed that although the maximum signal input is received from 
one station for a certain position of the receiver, the signal from another 
station may be very weak for the same position. 

The antenna should be mounted higher than the buildings surrounding 
it; otherwise some of the radio waves may be prevented from cutting 
through the antenna. Its length is generally determined by the build¬ 
ing on which it is to be mounted. If the antenna becomes too long, it 
may become necessary to connect a capacitor in series with it. This is 
discussed in greater detail in the article on tuning. 

The best operation of a radio receiver can only be obtained when it is 
used with a properly constructed antenna. In a simple receiver, eith^i 
a crystal type or a one-tube set, successful operation depends upon tne 
strength and the quality of the input signal, since there is little or no 

Lj R2 L2 Rj L2 R^ L4 


C4 


Fig. 3-6.—Electrical characteristics of the antenna circuit. 

provision made for amplification. The greater efl5ciency of the modem 
complex multitube superheterodyne receivers cannot be obtained unless 
the input signal strength is much greater than that of the undesirable 
noises that are also picked up. 

3-3. Electrical Characteristics of the Antenna. Equivalent Circuit 
of the Antenna. If a receiving antenna is divided into a number of equal 
lengths, each division can be represented by a resistor, an inductor, and a 
capacitor. Electrically this circuit can be represented as shown in Fig. 
3-6. The effect of the inductances Li, L 2 ,1/3,1/4, . . . is produced by the 
high-frequency currents induced in the antenna. The capacitors Ci, C 2 
Czy C4, . . . represent the capacitances existing between the antenna act¬ 
ing as one plate of a capacitor, the ground as the other plate, and the air 
as the dielectric. The resistance of the wire and the resistance of the 
ground are represented by the resistors Riy Riy R^y Riy etc. Applying the 
rules for adding resistors in series, inductors in series, and capacitors in 
parallel, the total resistance, inductance, and capacitance of the antenna 
circuit may be calculated as follows: 
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RA = Ri + Rt + R3 + Ri’'' 

(3-1) 

La = Li Li Li» A- L* • • • 

(3-2) 

Ca^ C, + Ci + Ci + C, ■ • ■ 

(3-3) 


The equivalent circuit may be represented as a series resonant circuit, 

as shown in Fig. 3-7. As resist¬ 
ance impedes the flow of electric 
current, the amount of signal cur¬ 
rent will vary inversely with the 
total resistance of the circuit. It 
is therefore essential that the re¬ 
sistance should be as low as 
practicable. 

By substituting the values of 
La and Ca in Eq. (2-48), the resonant frequency of the antenna circuit 
may be determined. 



Fig. 3-7.—Equivalent circuit of the antenna. 


Example 3-1. A typical receiving antenna circuit whose length is approximately 
100 feet has an equivalent circuit capacitance of 200 tiyi and an equivalent circuit 
inductance of 50 /uh. What is the resonant frequency of this antenna circuit? 


Solution: 


Given: Find: 

CA = 200 M/if /r « ? 

La ~ 50 /uh 


Sr = 


159 ^_159_ 

Vso X 200 X 10“* 


1590 kc 


Fundamental Frequency of the Antenna. If the antenna of Example 
3-1 is connected to a crystal detector, a pair of earphones, and the ground 
as shown in Fig. 3-8o, the audible signals sent out by a transmitting 
station having a carrier frequency of 1690 kc will be heard in the ear¬ 
phones. The frequency of resonance of an antenna circuit is called the 
fundamental frequency of the antenna. The value of the fundamental 
frequency will vary with the length and height of the antenna and should 
be of such a value that it corresponds to the frequency range of the radio 
waves to be received. For best results, the electrical characteristics of an 
antenna circuit, whether it be used for broadcast, short-wave, or ultra¬ 
high-frequency reception, should be such that its fimdamental frequency 
will be slightly higher than the maximum frequency for which it is to be 
used. 

3-4. Variable Inductance Tuning. Tuning. The antenna circuit of 
Example 3-1 was found to have a fimdamental frequency of 1690 kc. If 
it were used in a circuit similar to Fig. 3-8, it would be possible to receive 
the signal from a station transmitting at 1690 kc. In order to receive 
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the signals of any other stations, it is necessary to change the resonant 
frequency of the receiving circuit. This may be done by varying either 


the capacitance or the inductance of 
selecting the signals from any one 



the antenna circuit. The process of 
particular station is called tuning. 



(b) 


Fig. 3-8.—A simple crystal receiver circuit, (a) Circuit diagram showing the antenna, 
crystal detector, earphones, and ground, (6) the equivalent circuit. 


Tuning can therefore be accomplished by adjusting the antenna circuit 
so that its frequency of resonance is the same as that of the station that 
is to be heard. 


Example 3-2. What frequency of resonance would the receiving circuit in 
Example 3-1 have, if a 450-Mh inductance is connected in series with the antenna 
circuit as shown in Fig. 3-9? 




(b) 

The equivalent circuit 


Solution: 


Given: Find: 

Ca « 200 /XMf /r “ 7 

La 50 /ih 
Ls =* 450 Aih 


Lt 

/*■ 


+ Is = 60 + 450 * 500 Mh 

159 __1^9_ 

y/L^Cl * ^500 X 20b X 10“« 


= 503 kc 


If the 460-Mh coil is made adjustable (Fig. 3-2) so that any amount of 
inductance from zero to 450 jut 1^® connected in series with the 
antenna circuit, the receiver can then be tuned for any frequency between 
503 and 1590 kc. 
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Slide-wire Tuning Coil. A simple variable inductance coil consists of 
a numl>cr of turns of wire wound about a cylindrical form. A narrow 
band of insulation, approximately ^ inch wddo, is remov(^d along the full 
lengtli of the coil. A brass bar is mounted along the entire length of the 
coil and a sliding contact with spring action is placed on this bar so that 
contact can be made between the bar and any turn of wire. This type of 



Fig. 3-10.—A slide-wire tuning coil. 


variable inductance was used in the early stages of radio development, 
and Fig. 3-10 is an illustration of a slide-wire tuning coil. 

Variometer, The slide-wire tuning coil is not very efficient because 
the contact between the slider and the coil turns in time becomes poor 
owing to oxidation and because the spring loses its tension with use. A 
more efficient method has been developed by using the principles of 
mutual inductance. Two coils, one stationary and the other movable, 

_ are connected in series. The movable coil is so 

mounted that it is free to rotate inside of the sta¬ 
tionary coil. This type of unit is called a variome¬ 
ter and is shown in Fig. 3-11. The inductance of 
the variometer can be varied from minimum to 
maximum by varying the position of the movable 
coil. By connecting the two coils in series so 
that they are either aiding or opposing, a wide 
range of inductances may be obtained (see Art. 
2-5). Another method of increasing the range of 
Fig. 3-11.—a variometer, inductance of the Variometer is to provide a series 

of taps taken off the stationary coil at various numbers of turns and 
connect them to the contacts of a rotary switch. 

The circuit diagram of a simple crystal receiving circuit using a 
variometer is quite similar to that for one using a slide-wire tuning coil. 
Figure 3-12 shows the connections necessary for a circuit using a variom¬ 
eter having a tapped secondary. 

8-6. Variable Capacitance Tuning. Instead of varying the induct¬ 
ance and keeping the capacitance of the antenna circuit constant, the 
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capacitance may be varied and the inductance kept constant. A simple 
crystal receiver circuit using a variable capacitor for tuning is shown in 
Fig. 3-13a. When the capacitor is adjusted so that its rotor plates are 
completely out of mesh, the capacitance is 
theoretically zero. With the capacitor in UJ 

this position, no capacitance is added to the _ 

circuit, and therefore it will tune to the same 
frequency as it would without the capacitor. 



Fig. 3-12,— Circuit diagram of a 
simple crystal receiver using a vari¬ 
ometer having a tapped secondary coil. 


Fig. 3-13.—A simple crystal 
receiver circuit using a variable 
capacitor for tuning, (a) The 
circuit diagram, (h) the equiva¬ 
lent circuit. 


If the capacitance of the circuit is increased by adding a capacitor in 
parallel, the frequency of resonance is decreased in the same manner as 
by adding an inductance in series with the circuit. 

Example 3-3. What capacitance must the variable capacitor in Fig. 3-13a have 
if it is to be used with the antenna circuit of Example 3-1 and provide the same fre¬ 
quency range? 

Given: 

La = 50 /ih 
Ca = 200 iiid 

Frequency range = 503 to 1590 kc 
Solution: 

Using Eq. (2-50): 

25,300 _ 25,300 

“ St^La "" 503 X 503 X 50 
C ^ Ct - Ca ^ 0.002 - 0.0002 

3-6. Two-circuit Tuner. Method of Isolating the Resistance in the 
Antenna Circuit, In the receiving circuits just discussed, the antenna 
circuit was a part of the tuning circuit. The effect of the inductance and 


= 0.002 Mf 

= 0.0018 d 


Find: 

C « ? 
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the capacitance upon the tuning circuit has been described but the effect 
of the resistance has not yet been mentioned. In Art. 2-23 it was shown 
that resistance in a series tuned circuit decreases the current flow and 
broadens its tuning. This is also illustrated by the curves A, and C 
of Fig. 3-14. These curves represent a series tuned circuit with three 
different values of circuit resistance, but with each circuit tuned to a 
resonant frecjuency of 1500 kc. The circuit with the least resistance, 



Frequency, kilocycles 

Fig. 3-14.—Curves showing the effect of resistance upon the tuning circuit. 

represented by curve A, provides a higher signal current and sharper 
tuning than the circuits represented by curves B and C. 

By using the transformer principle, the resistance of the antenna 
circuit can be isolated from the tuning circuit. This is done by connect¬ 
ing the primary winding of the transformer between the antenna and the 
ground and the secondary winding to the detector and earphones. It 
should be noted that a variable capacitor is coimected across the second¬ 
ary winding in order to tune the circuit and that the detector and ear¬ 
phones are then coimected to the circuit in the same manner as in the 
circuits previously discussed. This type of tuning circuit is called a two- 
circuit tuner, and Fig. 3-15 shows a wiring diagram of such a circuit. 
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The two-circuit tuner provides better selectivity and a higher signal 
current output than the methods previously described. 


UJ 


o 
o 

o( o 
oi 




The magnetic field about the primary winding will vary in accordance 
with the high-frequency voltage varia¬ 
tions induced in the antenna circuit. 

This magnetic field links the secondary 
winding and sets up an induced voltage 
that corresponds to the variations of 
voltage in the antenna circuit. The 
variable capacitor and the secondary 
winding of the transformer form a series 
resonant circuit, whose frequency of 
resonance is determined by the capaci¬ 
tance of the variable capacitor and the 


Fig. 3-15.—Circuit diagram of a 
simple crystal receiver using a two- 
circuit tuner and a variable capacitor. 


inductance of the secondary winding of the transformer. 


ExampU 3-4. A variable capacitor having a capacitance of 250 M^f is used in a 
radio receiver to tune the secondary of the r-f transformer to 500 kc. What value of 
inductance must the secondary winding have? 

Given: Find: 

C = 250 M/if Ls = ? 

fr * 500 kc 

Solution: 


Using Eq. (2-49) 

j 25,300 _ 25,300 

fr^C 500 X 500 X 250 X lO""® 


404.6 Mh 


Ratio of Primary and Secondary Voltages, The ratio of the voltages 
across the primary and secondary windings of an r-f transformer used in 
a tuning circuit will not be equal to the ratio of the number of turns alone. 
The voltage ratio is dependent upon the ratio of the number of turns, 
the coefficient of coupling, and the Q of the tuned circuit. In Art. 
2-20 it was shown that at resonance the voltage across the inductor of a 
series tuned circuit is Q times greater than the applied voltage. Since 
the secondary is part of a series tuned circuit (see Art. 2-19) and since its 
circuit Q is generally high, it can be seen that the secondary voltage will 
be much higher than that resulting from transformer action alone. 
This gain in voltage is another advantage of the two-circuit tuner. 

8-7. LC Tables. Observation of the equation for finding the resonant 
frequency of a tuned circuit [Eq. (2-48)] shows that the frequency of 
resonance is dependent upon the product of two variable quantities, 
namely, the inductance L and the capacitance (7. It can be further 
observed that for each value of the product of L times C there can be 
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only one frequency at which resonance occurs, and conversely there can 
be only one LC product for each resonant frequency. 

The values of the LC product for frequencies between 300 kc and 600 
me are arranged in tabular form in Appendix XIV. In this table L is 
expressed in microhenries, C in microfarads, and / in kilocycles. Use of 
this table simplifies the calculations necessary to determine the frequency 
of resonance when either the inductance or the capacitance of a tuned 
circuit is known. 


Example 3-5. If the inductance of a tuned circuit is 100 /fh what value of capaci¬ 
tance is required to produce resonance at 3000 kc? 


Solution: 


Given: Find: 

L « 100 /th C » ? 

fr = 3000 kc 


LC = 0.002811 (from Appendix XIV) 
r = ~ = = 0.00002811 Mf = 28.11 MMf 



I'lo. 3-1 (>. 


Example 3-6. A tuned circuit having an 
inductance of 290 ^h is resonant at 500 kc when 
its variable capacitor is set at its maximum value 
of 350 ppf. What value of capacitance must be 
connected in series with the variable capacitor in 
order that the circuit will be r(‘sonant at 1500 kc 
when the variable capacitor is set at its maximum 
value? 


Solution: 


Given: 

L *= 290 Aih 
fr = 1500 kc 

C = 350 MAif 


Find: 

Cs = ? 


LC = 0.01124 (from Appendix XIV) 

0.0000388 Mf = 38.8 MMf 




290 


Using Eq. (2-245) 


Cs 


CtC _ 38.8 X 350 
C -Ct 350 - 38.8 


43.3 M 


3-8, Crystal Detectors. Detector Action. In the discussion on the 
functions of a receiver, it was stated that the purpose of a detector is to 
separate the audio-frequency signal wave from the modulated carrier 
wave. The manner in which this is accomplished may be seen from 
Fig. 3-17. Curve a represents the modulated wave as it is transmitted 
by the broadcasting station and also as it is received by the radio receiver. 
This is also a typical representation of the output of the tuning circuit. 
The form of the sound wave is represented by the envelope formed by 
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joining the peaks of each individual cycle of the modulated wave. This 
envelope is the same for both halves of the cycle but is opposite in direc¬ 
tion. Therefore, in order to obtain the sound wave either half of the 
alternating current cycle may be used. 

A crystal offers very little resistance to current flowing into it and a 
very high resistance to current flowing out of it. Crystals can therefore 
be used as rectifiers of alternating currents and, since detection is a process 
of rectification, they can be used as detectors. Curves b and c of Fig. 
3-17 represent the wave after it has been rectified. 



(c) 

Fig. 3-17.—Waveform of a radio signal at various stages in a receiver, (a) As received 
by the antenna, {h) rectified current waveform at the detector, (c) a>erage current output 
from the detector. 

Construction and Operation of a Crystal Detector, The crystal detector 
generally consists of a crystal and a very fine wire called a catwhisker. 
In order to hold the crystal rigid, it is mounted in a metal alloy having a 
very low melting point. The catwhisker is fastened to an adjustable arm 
pivoted so that it can make contact with any part of the crystal. Various 
mineral substances such as galena, carborundum, silicon, iron pyrites, 
etc., may be used as the crystal, the most popular being galena and 
carborundum. 

When a high-frequency modulated voltage is applied to the crystal 
detector, the catwhisker and crystal are alternately made positive and 
negative for each half-cycle. When the crystal is made positive, the free 
electrons are attracted to it, and since its resistance is very low, current 
will flow into the crystal during this half -cycle. When the catwhisker 
is made positive, it attempts to draw the free electrons to it, and, since 
the resistance of the crystal is very high when current attempts to flow 
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out of it, very little or no current will flow during this half-cycle. This 
action is repeated for each cycle of the high-frequency alternating current 
applied to the detector. The resultant wave is shown in Fig. 3-176. 
The high-frequency varying current will therefore flow in only one 
direction. A small amount of current may flow in the opposite direction, 
the amount varying with the quality of the crystal, but it is generally 
ignored since its ratio to the rectified current is small. A good crystal 
detector will almost entirely eliminate the flow of current in one direction. 




Fig. 3-18.—Crystal detectors, (a) Adjustable type, (6) sealed fixed-position type. 

3-9. Audible Device. Since the human ear does not respond to 
variations in electric currents or voltages, these variations must be con¬ 
verted to sound waves. The ordinary telephone receiver could be used 
for this purpose but was found to be too heavy and inconvenient. A 
modified construction that is much lighter in weight and that has two 
earpieces is used. It is known by such names as headset, earphones, 
watchcase receiver, phones, etc. 

Construction of Earphones. Earphones operate on the electromag¬ 
netic principle, and the construction of both earpieces is the same. 
Figure 3-196 is a cross-section diagram showing the construction of a 
typical earphone. Two permanent magnets, N and S, are used as cores 
for the coils Ci and C*. A curved permanent magnet D connects these 
two pole pieces and forms a U-shaped magnet, which provides more 
uniform action than two single magnets. Each coil is wound with several 
thousand turns of very small insulated copper vdre, generally No. 40 or 
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feinallor. The two coils arc connected in series so that the signal current 
will pass through both windings. The magnetic field produced by this 
current will either aid or oppose the constant field of the permanent 
magnet, depending on the direction in which the current flows through 
the coils. A thin, flexible, soft-iron diaphragm J5, approximately 0.005 
inch thick, is mounted above the pole pieces and very close to them. 
The edge of the diaphragm rests on the case A and is held fixed by the 
cap B. 

Operation of Earphones with Alternating Current, When no current 
flows through the coils, the magnetism of the pole pieces attracts the 
diaphragm and b(‘nds it slightly. This initial deflection is shown as 
position 1 in Fig. 3-195. 11 an alternating current is caused to flow 
through the coils, this force of attraction will be increased for one half 



Ridge, 


Diaphragm E 


CapB 

Ridge 



Lead ' Curved permanent magnetD 


(a) 

Fig 3-19.—Earphones. 


(&) 

(a) A set of earphones, (b) cross-section view showing the con¬ 
struction of an earphone. 


of the cycle and decreased during the other half. During the half-cycle 
when the current flowing aids the magnetic field of the permanent mag¬ 
net, the diaphragm will be attracted to position 2. When the current is 
reversed its field opposes the permanent magnetos original field and the 
force of attraction is decreased to a value less than that required to pro¬ 
duce the initial deflection. The diaphragm will therefore spring to 
position 3. At the end of the cycle no current is flowing so the diaphragm 
returns to position 1. 

The diaphragm therefore makes a complete vibration for each cycle 
of an alternating current. Its motion will depend on the variation of 
current flowing through the coils. The rapid vibration of the diaphragm 
sets the surrounding air into motion, and sound waves will be produced. 
If the frequency of the current flowing through the coils is within the 
audible range, the sound waves produced by the vibrations of the dia¬ 
phragm (which are of the same frequency) may be heard by the human 
ear. 
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Operation of Earphones with Varying Unidirectional Current, It is 
not necessary to liave alternating current flowing through the coils to 
produce vibrations of the diaphragm. A varying unidirectional current 
will cause the diaphragm to vibrate in the same manner that the unidirec¬ 
tional current varies. By referring to Fig. 3-17b it can be seen that at 
the instant A no current is flowing from the detector and the diaphragm 
will remain at its initial deflection. At the instant B the maximum 



Fia. 3-20.—Diag^ram of a crystal detector receiving circuit and the type of current flowing 

through each of its parts. 


amount of current is flowing and the strength of the pole pieces will be 
increased; the diaphragm is then deflected to position 2, At the instant 
C the current flow is again zero and the diaphragm should return to its 
initial deflection. The inertia of the diaphragm is too great to follow 
these rapid variations in current changes, hence before the diaphragm 
has a chance to return to its initial deflection, the current is again forcing 
it in the opposite direction. The diaphragm of the audible device, 
therefore, is not actuated by the instantaneous variations in current 
juidicated by the envelope formed by joining the peak values of each 
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cycle, but by the average of these instantaneous currents. The curve 
shown at c in Fig. 3-17 is identical in every respect to the ones in a and h 
except for intensity. A small capacitor is generally connected across the 
earphones to provide a low impedance path for the r-f currents. Figure 
3-20 shows the complete circuit diagram for a crystal detector circuit 
and the type of signal current flowing through each of its parts. 

Action of the Radio-frequency By-pass Capacitor, The small capacitor 
connected across the earphones provides an easy path for the r-f currents 
and thus allows only the varying direct current to flow through the ear¬ 
phones. It also increases the strength of the signal current flowing 
through the audible device, which is accomplished in the following 
manner. The capacitor is charged during the half-cycle that current 
flows from the detector and discharges during the half-cycle when no 
current flows. Since it cannot discharge the current through the crystal 
it must discharge it through the earphones. This action causes current 
to flow through the earphones during the interval when no current is 
flowing from the crystal. It thereby maintains a varying unidirectional 
current flow through the phones, the value of which is almost equivalent 
to the peak value of the radio-frequency variations in current. This 
capacitor therefore eliminates the radio-frequency pulsations and 
increases the audio-frequency voltage across the phones. This capacitor 
should not be too large, otherwise it will by-pass the audio-frequency 
currents as well as the radio-frequency currents. 

The use of earphones is inconvenient for radio sets in the home since 
under this condition only one person at a time can listen to the radio 
program. In order that more than one person may listen to the radio 
and at the same time enjoy the comforts of the home, it becomes neces¬ 
sary to amplify the signals so that they can operate a loudspeaker. As 
the vacuum tube provides an excellent means of amplifying the currents, 
circuits have been developed to provide amplification by use of these 
tubes. It is thus essential to understand the theory and operation of 
vacuum tubes, which is presented in the following chapters. 
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QUESTIONS 

1. How do the basic operations of a simple crystal receiver compare with those of 
a complex multitube modem receiver? 
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2« Name the four esseiiiial functions of a receiver. 

3. Explain briefly t'ach of the four essential functions of a receiver. 

4 . Define antenna. Name and describe the construction of three common types 
of antenna. 

5. What factors determine the power induced in an antenna? 

6. How do the power and voltage at a receiving antenna compare with the 
power and voltage at the transmitting antenna? 

7. Describe three factors that must be taken into consideration when constnict- 
ing a receiving antenna. 

8. What is the advantage of the loop antenna? 

9. Wliat is meant by the fundamental frequency of an antenna? 

10. What factor determines the desired electrical characteristics of the antenna 
circuit? 

11. Explain the principle of variable inductance tuning. 

12. Explain the advantages and disadvantages of varying the inductance by use of 
(a) a slide-wire tuner, (h) a variometer. 

13. Explain the principle of variable capacitance tuning. 

14 . Describe the two-circuit tuner. 

15. Describe two advantages of the two-circuit tuner. Explain how each of the 
advantages is obtained. 

16. What is meant by the LC product? What is the purpose of the LC tables? 

17. What is the purpose of the detector? Explain its action. 

18 . What property does a crystal possess that makes it possible to use the crystal 
as a detector? 

19. Explain the operation of a crystal detector when a high-frequency modulated 
voltage is applied to it. 

20. Explain the basic principle of operation of the earphones. 

21. Explain the operation of an earphone when the following types of current are 
flowing in its coils: (a) alternating current, (h) varying unidirectional current. 

22. What is the purpose of connecting a capacitor in parallel with the earphones? 

23. Explain the action of the r-f by-pass capacitor. 

24 . Should the capacitance of the r-f by-pass capacitor be large or small? Wliy? 

PROBLEMS 

1. The inductance of an antenna circuit is equal to 60 iih and its capacitance is 
equal to 188 M^f. What is the resonant frequency of this antenna circuit? 

2. The antenna of Prob. 1 is reconstructed so that its inductance is reduced to 
40 /Lth and its capacitance is increased to 282 What is the resonant frequency of 
this antenna circuit? 

3. It is desired that the fundamental, frequency of an antenna circuit be equal to 
15,000 kc. If the capacitance of the antenna circuit is equal to 22.5 ntd, what value 
of inductance is required? 

4 . It is desired that the fundamental frequency of an antenna circuit be equal to 
6000 kc. If the inductance of the antenna circuit is equal to 8 /ih, what value of 
capacitance is required? 

6. The resonant frequency of an antenna circuit having an inductance of 40 Ath is 
equal to 1600 kc. What is the capacitance of this circuit? 

6. The resonant frequency of an antenna circuit having a capacitance of 140 fifd 
is equal to 1.6 me. What is the inductance of this circuit? 

7. The capacitance of an antenna circuit is equal to 50 ma*! and its inductance is 
5.12 Aih. What is its resonant frequency? 
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8 . What resonant frequency will the antenna circuit of Prob. 1 have if a 390-/ih 
inductance coil is connected in series with the antenna circuit? 

9. What value of inductance must be connected in series with the antenna cir¬ 
cuit of Prob. 2 in order that it will be resonant at 550 kc? 

10 . What is the resonant frequency of an antenna circuit having a capacitance of 
200 MAif aiid an inductance of 10 fih when a 40-/ih inductance coil is connected in 
series with the antenna circuit? 

11 . What value of inductance must be connected in series with an antenna circuit 
having an inductance of 5 /ih and a capacitance of 100 ^/if in order to make it resonant 
at 4.1 me? 

12 . A variable capacitor is connected in the antenna circuit as shown in Fig. 3-13. 

The inductance of the antenna circuit is 124 tih and its capacitance is 188 /x^f. (a) 

What must the maximum value of the variable capacitor be in order to obtain reso¬ 
nance at 550 kc? (6) What is the frequency range of this circuit? 

18 . Repeat Prob. 12 for an antenna circuit whose inductance is 136 juh and whose 
capacitance is 281 /xixf* 

14 . A variable capacitor having a maximum capacitance of 320 fjifjf is connected 
across the secondary of an r-f transformer to tune the circuit to 500 kc. What value 
of inductance is required in the secondary winding? 

15 . It is desired to obtain various frequency bands by using plug-in coils and a 
variable capacitor whose maximum capacitance is 260 M^f• What value of inductance 
is required for the secondary of each coil in order to obtain a minimum frequency of 
(a) 500 kc for range A, (h) 1500 kc for range R, (c) 4 me for range C? 

16 . A variable capacitor having a maximum capacitance of 320 nixf is used with a 
set of three plug-in coils in order to obtain three frequency bands. What value of 
inductance is required for the secondary of ea(*h coil in order to obtain a minimum 
frequency of (a) 550 kc for range A, (b) 1600 kc for range J5, (r) 4.2 me for range C? 

17 . The inductance of a resonant circuit is 5.2 nh. (o) What value of capacitance 
is required in this circuit to produce resonance at 5 me? (6) Check the answer by 
using the LC tables, 

18 . The capacitance of a resonant circuit is 20 M^f • (a) What value of inductance 

is required in this circuit to produce resonance at 30 me? (h) Check the answer by 
using the LC tables. 

19 . A tuned circuit having an inductance of 328 /xh is resonant at 550 kc when its 
variable capacitor is at its maximum value of 260 A*Mf. What value of capacitance 
must be connected in series with the variable capacitor in order that the circuit will 
be resonant at 1500 kc when its maximum capacitance is being used? 

20 . A variable capacitor having a maximum capacitance of 350 nixf is connected 
across the secondary of a radio-frequency transformer in order to tune the circuit to a 
minimum frequency of 550 kc. (a) What value of inductance is required in the 
secondary circuit? (6) What is the maximum frequency of the tuning circuit if its 
minimum capacitance is 25 m/^7 



CHAPTER IV 
VACUUM TUBES 


The vacuum tube is often referred to as the heart of radio because of 
the vital part it plays in the operation of radio receivers and transmitters. 
As the energy of a transmitted wave varies approximately as the inverse 
of the square of the distance between the transmitter and receiver, the 
signals from early transmitters did not have sufficient energy to actuate 
the earphones of receivers many miles away. Engineers knew that, in 
order to increase the range of radio communication, it would be necessary 
to develop some method that would make it possible to strengthen the 
signal picked up at the receiver. The vacuum tube furnished this needed 
means of amplification and is used in all modern installations. The tube 
receives the small amount of signal energy available and by its action, 
and with the aid of the receiver's power supply, delivers a much greater 
amount of energy. The energy delivered by the tube will be a magnified 
replica of the signal received. 

In addition to its use as an amplifier, the vacuum tube has many 
other uses such as generating, controlling, or rectifying voltages over a 
wide range of frequencies. The importance of the vacuum tube lies in its 
ability to operate efficiently over a wide range of frequencies and to con¬ 
trol almost instantaneously the flow of millions of electrons. Vacuum 
tubes have a large variety of uses in industrial equipment; in fact the 
field of electronic devices is practically unlimited. 

4-1, Edison Effect. While experimenting with the incandescent 
lamp, Thomas A. Edison found that the carbon filaments burned out 
quite rapidly. In order to remedy this fault, he constructed a special 
lamp in which he placed an additional electrode (see Fig. 4-1). The 
filament was heated by the current flowing from the generator. The 
additional electrode, with a galvanometer connected in series, was con¬ 
nected first to the positive terminal of the generator and then to the 
negative. When the electrode was connected to the positive terminal 
(Fig. 4-la), the galvanometer indicated a current flow from the plate to 
the filament, but when the electrode was connected to the negative 
terminal (Fig. 4-16), no current flow was indicated on the galvanometer. 
This phenomenon is known as the Edison effect, Edison was interested 
mainly in the incandescent lamp, and therefore the now important 
Edison effect appeared merely as a memorandum in his laboratory notes. 

ISO 
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Professor J. A. Fleming of England later conducted experiments with 
the incandescent lamp and in one of his earlier experiments showed that, 
if the cold electrode is heated to incandescence, an electric current may 
be made to flow through the vacuum by use of an external battery. 
Fleming succeeded in producing a curve showing the relation between the 
voltage across the lamp and the current flowing through the vacuum. 
In his search for a means of rectifying high-frequency alternating currents, 
Fleming utilized the principles of the Edison effect and developed what 
he referred to as an oscillation valve. He also proved that a unidirectional 
current would flow in the cold electrode circuit even if an alternating 
current were used to heat the filament. By this rectifying action, he 
was able to use the tube as a detector of radio waves. 



(a) (b) 

Fia. 4-1.—Edison effect, (a) Plate connected to the positive terminal of the generator 
(6) plate connected to the negative terminal of the generator. 

In 1905 Fleming patented the vacuum tube, then called the Fleming 
valve. This tube, which consisted of a filament and a plate, is the simplest 
type of vacuum tube is still used although it is now commonly referred 
to as a diode. Many present-day receivers use a diode as a detector, 
and the rectifier tubes in a-c operated receivers are also diodes. 

4-2. The Cathode. Purpose of the Cathode. All matter is made up 
of molecules, each molecule containing one or more atoms and each atom 
containing a number of electrons and protons. When any substance 
is heated, the speed of the electrons revolving about their nucleus is 
increased and some electrons acquire sufficient speed to break away 
from the surface of the material and go off into space. This action, 
which is accelerated when the substance is heated in a vacuum, is utilized 
in radio tubes to produce the necessary electron supply. When used lot 
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this purpose, the substance is called the cathode. All vacuum tubes con¬ 
tain a cathode and one or more electrodes mounted in an evacuated 
envelope, which may be a glass bulb or a compact metal shell. 

Purpose of the Heater. The cathode is an essential part of a vacuum 
tube because it supplies the electrons necessary for its operation. The 
electrons are generally released from the cathode by the heating of the 
cathode. The operation of the heater in a vacuum tube is based on 
the principle that a conductor will radiate heat when an electric current 
flows through it. The amount of heat that is radiated is dependent on 
the material of which the conductor is made and the amount of current 
flowing in the conductor. The source of power used to supply current 
for heating the cathode is generally referred to as the A power supply. 

Directly Heated Cathodes. A directly heated cathode, called the 
filament type, is one in which the heater is also the cathode. Materials 
that are good conductors are found to be poor electron emitters; therefore 
directly heated cathodes must be operated at high temi>eratures in order 
to emit a sufficient number of electrons. Various kinds of materials are 
used in the construction of directly heated cathodes. 

Tungsten. Tungsten filaments are made from pure tungsten; in 
comparison to the other materials used as cathodes, tungsten is the 
poorest emitter. In order to obtain a sufficient number of electrons, 
this type of cathode must be heated to a high temperature, about 4300® 
Fahrenheit. This causes the cathode to operate with a white glow and 
also requires a relatively large amount of filament power. It is, however, 
very rugged and is used in large transmitting tubes where a high plate 
voltage is necessary. 

Thoriated Tungsten. This type of filament is made from tungsten 
bars that have been impregnated with thorium. Because of the presence 
of thorium, the electron emission for a given filament temperature is 
many times greater than for pure tungsten. Less power is required to 
heat the filament and the thoriated tungsten is therefore more economical 
than pure tungsten. It is generally operated at temperatures of approxi¬ 
mately 3600® Fahrenheit and produces a yellow glow at the cathode. 
Its main disadvantage is that the thorium wears off the surface of the 
cathode and it then must be reactivated in order to bring more thorium 
from the inside of the cathode to its surface. Thoriated tungsten 
filaments are generally used for heating power tubes. 

Oxide Coating. The oxide-coated filament is made by applying 
successive coatings of calcium, barium, or strontium oxides, used sepa* 
rately or mixed, on a nickel-alloy wire. The oxide is baked m the filar 
ment after each application and a niunber of coats are applied in order to 
form a relatively thick layer on the cathode. It has long life, is very 
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eflficient, and requires relatively little filament power to emit a sufficient 
number of electrons. Oxide-coated filaments are generally operated at 
about 2200® Fahrenheit and produce a dull red or orange glow at the 
cathode. They cannot be used for gas-fillcd tubes as the gas ions present 
in such a tube are very heavy. These gas ions are in violent motion and 
such ions as strike the cathode will knock off some of the oxide coating. 
Coated filaments are used only for receiving tubes and must be operated 
at or near rated voltage. 

Directly heated cathodes require a comparatively small amount of 
heating power and are used in almost all the tubes designed for battery 




Fio. 4-2.—Types of cathodes. 



(o) Directly heated cathodes, (6) indirectly heated cathodes. 


operation. Alternating-current-operated tubes seldom use the filament- 
type cathode. 

Indirectly Heated Cathodes. Certain materials are better emitters 
than others, that is, they emit more electrons yet require less heat. 
Most of these materials are poor conductors and therefore cannot be 
used for directly heated cathodes. An indirectly heated cathode is one in 
which the emitting material is coated on a thin metal sleeve. This 
cathode is heated by radiation from a heater placed inside the sleeve and 
insulated from it. The advantages of this type of cathode are: 

1. A material that will radiate heat with the least amount of current 
can be used for the heater; therefore a material that is a good electron 
emitter can be used for the cathode. 

2. The insulation between the heater and cathode and the shielding 
effect of the sleeve can be used to minimize the a-c hum and other elec- 
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trical interference. These disturbances enter the tube’s heating circuit 
when the heater is operated from an a-c power supply (see Fig. 4-3b). 

3. The regulation of a rectifier tube can be improved because it is 
possible to decrease the spacing between the cathode and the plate. 



(a) (b) 


Fig. 4-3. —Method of isolating the alternating current used to supply current for the heater 
from entering other circuits, (a) Directly heated cathode, Q>) indirectly heated cathode. 

4. The gain of a tube, when used as an amplifier, can be increased 
because it is possible to decrease the spacing between the cathode and 
the grid. 

4-3. Cathode Connection. Directly heated cathodes, or the heaters 
of indirectly heated cathodes, may be connected in series, parallel, or 



Fig. 4-4.—Circuits with heaters (or directly heated cathodes) connected in parallel, 
(a) Voltage of the heaters equal to the voltage of the power supply, (h) using a dropping 
resistor to compensate for the difference in power supply and heater voltages. 

series-parallel. The choice of connection used is determined by the 
number of tubes, the voltage of the power supply, the voltage of the 
heaters, the current rating of the heaters, and the circuit design. 

Dropping-resistor Connections. When the rated voltage of each 
heater is equal to or slightly less than the supply voltage, they are con¬ 
nected in parallel (Fig. 4-4o). If the voltage of the power supply is 
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fixed, it may be brought down to the rated value of the tubes by connect¬ 
ing a fixed resistor in series with the power supply (Fig. 4-4fe). If one 
or more tubes are rated at a lower voltage than the others, a dropping 
resistor is connected in series with its heater or filament to adjust it to the 
rated voltage (see Fig. 4-5). 



Fig. 4-5.—A separate dropping resistor may be used to compensate for the difference 
between the voltage of the power supply and the voltage required by each heater. 


In radio receivers that do not use transformers for their power supply, 
the heaters are generally connected in series. In many modern receivers 
the types of tubes used are selected so that the sum of the rated heater 
voltages is equal to the applied voltage. In some receivers the sum of 



i _ 

(aJ 

Ballast 



Fio. 4-6.—Methods of using a series dropping resistor in order to operate the heaters 
directly from a 110-volt line, (o) With a fixed resistor, (5) with an automatic ballast¬ 
regulating resistor. 

the rated heater voltages is less than the line voltage. In the latter case, 
a resistor is connected in series with the heater circuit to cause a drop in 
voltage equal to the difference between the line voltage and the sum of 
the rated heater voltages; this is illustrated in Fig. 4-6o. 

Example 4-1. A radio receiver contains the following tubes: 6SA7, 6SK7, 6SQ7, 
25L6, and a 26Z6. If the heaters of these tubes are connected in series, what value 
resistor must be connected in series with the heater circuit in order to operate the 
receiver from a 110-volt line? 
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(liven: Find: 

6SA7, fiSK7, 6SQ7, R = t 

25L6, 25Z5 

Solution: 

From Appendix XV 


Tube 

Heater 

voltage 

Heater 

current 

6SA7 

6.3 

0.3 

6SK7 

6.3 

0.3 

6SQ7 

6.3 

0.3 

25L6 

25 

0.3 

25Z5 

25 

0.3 

Total 

68.9 volts 



Eg = Etr - E/ =■ 110 - 68.9 = 41.1 volts 
fi = = ^ = 137 ohms 

P ~ PR = 0.3* X 137 = 12.33 watts 

As resistors are rated for their capacity in mid-air, that is, with unrestricted 
ventilation, a resistor rated at twice the computed wattage should be used when the 
ventilation is restricted, as is usually the case in radio receivers. Thus the resistor in 
Example 4-1 should be rated at 25 watts. 

ShunUresistor Connections, In cases where all the tubes are not 
rated at the same current, the series resistance necessary is calculated by 



Fig. 4-7.—Use of a shunt resistor to supply the heater of one tube with a current less in 

amount than the line current. 


using the highest current rating. Additional resistors must be connected 
across the heaters of those tubes of lower current rating in order that all 
the heaters will draw their rated current (see Fig. 4-7). 

Example 4-2. If in Example 4-1 a 50L6 tube is substituted for the 25L6, what 
value resistor must be used in the line and what value resistor should be connected 
across the heater of the 50L6 in order that its rated current of 0.15 ampere will flow 
through the heater? 
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Given; Find: 

6SA7, 6SK7, 6SQ7, Ri « ? 

50L6, 25Z6. » ? 

Circuit—Fig. 4-7 

Solution: 


From Appendix XV 


Tube 

Heater 

voltage 

Heater 

current 

6SA7 

6.3 

0.3 

6SK7 

6.3 

0.3 

6SQ7 

6.3 

0.3 

50L6 

50 

0.15 

25Z5 

25 

0.3 

Total 

93.9 volts 



Ri 


Eri 

Ir^ 


no - 93.9 
0.3 


53.7 ohms 


Pri « Iri^Ri « 0.3* X 53.7 =* 4.833 watts 
(Use a 10-watt resistor) 

jfjg as » 333 ohms 

Ir2 0.15 

Pr 2 » Ir 2 ^R 2 = 0.15* X 333 - 7.5 watts 
(Use a 15-watt resistor) 


ParaUehseries Connections, The filaments or heaters of tubes may 


also be arranged in any parallel-series 
combination to suit the particular 
requirements of the tubes and the 
source of power supply used. For 
example, if a number of tubes with 
6-volt heaters are to be operated 
from a 12-volt battery, two tubes of 
similarcurrent rating may be con¬ 
nected in series and any number of 
series-connected pairs may be con¬ 
nected in parallel (see Fig. 4-8). 

Automatic BaUast Regulation. In a series filament or heater circuit 
the amount of current Bowing in the circuit varies directly with the 
voltage. If the line voltage increases, the current in the circuit will 
increase. If the increase in voltage is such that it causes the current to 
rise above the rated current of the heater, it may cause unsatisfactory 
operation and may even bum out the tube. If the line voltage decreases, 
the current in the circuit will also decrease, thus causing the heaters of 
all the tubes in the circuit to operate at a lower temperature. A decrease 



Fiq. 4-8.—Parallel-series operatic n ol 
filaments or heaters. 
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in temperature will decrease the electron emission of the cathode and 
thereby decrease the output of the tube. 

The voltage of the power circuits in most homes is generally 115 volts 
but may vary from 105 to 125 volts. Dry-cell batteries will supply 1.5 
volts whemiew, but this voltage decreases with age. In order to counter¬ 
act such variations in supply voltages, some receivers use an automatic 
ballast-regulating tube in place of the series line dropping resistor (see 
Fig. 4-66). Thus, the dropping resistor in Example 4-1 can be replaced 
by a ballast tube having the same resistance and current rating as the 
resistor. 

The automatic ballast-regulating tube (see Fig. 2-2) consists of an 
iron wire hermetically sealed in a bulb containing hydrogen or helium. 
If the line voltage increases, it causes the current to increase. When the 
current flowing through the automatic ballast-regulating tube increases, 
it causes an increase in the temperature of the wire. The increase in 
temperature causes an increase in resistance, which regulates the current 
and prevents it from rising excessively. An automatic ballast-regulating 
tube in a battery-operated receiver can reduce the effect of a 36 per cent 
variation in voltage to an 8 per cent variation in current. In a similar 
manner, this type of tube when used in a receiver operated from a lighting 
circuit can deduce the effect of a 20 per cent voltage variation to a 7 per 
cent variation in current. 

4-4. Diodes. The Plate, A vacuum tube having a cathode and one 
other electrode is called a diode. The second electrode is called the 


Efectron flow 



Fio. 4-9.—Circuit diagram of a diode 
showing the electron flow and the proper 
connections for the A and B power supplies. 


rplaie or anode. If a voltage is 
applied to the plate and its polar¬ 
ity is made positive, the electrons 
emitted from the cathode, being 
negative, will be attracted to the 
plate as opposite charges attract 
one another. These electrons will 
flow through the external plate 
battery circuit as indicated by the 
arrow in Fig. 4-9. This flow of 
electrons is called the pUite current. 
If the polarity of the plate is made 


negative, the electrons will be forced back to the cathode because like 


charges repel one another and thus no current will flow in the plate circuit. 


When an alternating current is applied to the plate, its polarity will 
be positive during every other half-cycle. As electrons will flow to the 


plate only when it is positive, the current in the plate circuit will therefore 
flow in only one direction and the current is said to be a rectified current 
(see Fig. 4-10). 
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Diode rectifiers are used in radio receivers as detectors, and in a-c- 
operated receivers and transmitters to convert alternating current to 
direct current. Rectifier tubes 
having one plate and one cathode 
are called half-wave rectifiers be¬ 
cause the rectified current only 
flows during one-half of the cycle. 

Typical half-wave rectifier tubes 
include the type 81, IV, 12Z3, 
and 35Z5. 

Duo-diodes. Rectifier tubes 
having two plates and one or two 
cathodes have their plates con¬ 
nected into the external circuit so 
that each plate will be positive 
for opposite halves of the cycle. 

As one of the plates will always be 
positive, current will flow con¬ 
tinually in the external plate cir¬ 
cuit. Tubes of this type are 
called full-wave rectifiers because 
current will flow in the plate cir¬ 
cuit during the entire cycle. One of the first full-wave rectifier tubes 
used was the type 80; it is veiy efficient and rugged and is still used. 
Other typical full-wave rectifier tubes include types 83, 6X5GT, 6Z3, 
and 5T4. 



Plate voltage 

Fio. 4-11.—Variation of plate current with changes in plate voltage. 

Space Charge. The number of electrons drawn to the plate depends 
on the number given off by the cathode and the value of the plate voltage. 



Fio. 4-10.—The diode as a rectifier. 
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If the plate voltage is not high enough to draw off all the electrons 
emitted by the cathode, those not drawn off will remain in space. These 


lAVA* Mi CA-TiN-SODIUM CARBONATE -MON £ I ■ SI L VER 0X1 D£ 
SODIUM ALUMINUM FLUORIDE • RESIN (SYNTHETIC) • ETHYL ALCOHOL 
LEAD ACETATE- MALACHITE GREEN - GLYCERINE - ZINC CHLORIDE - IRON 
MARBLE DUST* WOOD FIBER* STRONTIUM NITRATE * LEAD OXIDE • ZINC OXIDE 
MISCH METAL • NIGROSINE • PO RC ELAIN • PETROLEUM JELLY - ZINC 


BARIUM CARBONATE 


CALCIUM CARBONATE 


Qases Used in oP^fCanufacture 

NEON - HYDROGEN - CARBON DIOXIDE — lUUMINATlNG GAS 
HEUUM - ARGON - NATURAL GAS -- NITROGEN ~ OXYGEN 



Elements Entering into the cPiCanufacture 

ARGON - ALUMINUM - BORON - BARIUM - CAESIUM - CALCIUM - COPPER - CARBON • CHROMIUM - CHLORINE 

COBALT — HYDROGEN — HEUUM — IRIDIUM — IRON — LEAD — MAGNESIUM — MERCURY - MOLYBDENUM 

NICKEL — NEON *— NITROGEN -- OXYGEN — POTASSIUM — PHOSPHORUS — PLATINUM — SODIUM — SILVER 
SILICON — STRONTIUM — TUNGSTEN —THORIUM-TANTALUM —TITANIU M —TIN — ZINC*- RARE EARTHS 

Fiq. 4-12.—Materials used in the construction of radio tubes. (CourUey of RCA Manu¬ 
facturing Co», Inc.) 

electrons form a repelling force to the other electrons being given off by 
the cathode, thus impeding their flow to the plate. This repelling action 
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is called the space charge. Space charge can be reduced in high-vacuum 
tubes by decreasing the spacing between the plate and cathode. In 
gas-filled tubes, space charge is reduced by ionization. 

Emission Current. Increasing the plate voltage will increase the 
plate current until all the electrons given off by the cathode are drawn 
to the plate. Further increase in plate voltage will not increase the 
plate current, as there are no more electrons that can be drawn to it 
(see Fig. 4-11). The point on the curve at which the current has reached 
its highest value is called the saturation point, and the plate current for 
this condition is called the saturation current or emission current. 

4-6. The Triode. Action of the Control Grid. When a third electrode 
is used, the tube is called a triode. This third element is known as the 
control grid and usually consists of a spiral winding or a very fine-mesh 


E/ecfron flow 



Fio. 4-13.—Circuit diagram for a triode showing the electron flow and the proper con¬ 
nections for the A, B, and C power supplies. 

screen extending the length of the cathode and placed between the 
cathode and plate. The circuit connections and the direction of electron 
flow for a triode is shown in Fig. 4-13. If the grid is made more negative 
than the cathode, it will cause some of the electrons going toward the 
plate to be repelled by the grid, thus reducing the plate current. By 
making the grid still more negative, it is possible to reduce the plate 
current to zero. This condition is referred to as cutoff, ^ 

Grid Bias. The third electrode is called the control grid because it 
controls the number of electrons allowed to flow from the cathode to the 
plate. The source of power used to keep the grid negative is called the 
C power supply and the amount of negative voltage used is referred to as 
the grid bias. 

Relation between the Grid Bias and the Plate Current. If a varying 
signal voltage is applied to the grid, the number of electrons flowing in 
the plate circuit will vary in the same manner as the signal voltage. 
This is illustrated by the following example. The tube used in Fig. 
4-13 has a grid bias of 3 volts (Fig. 4-146). This bias allows a steady 
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plate current h to flow (Fig. 4-14(i). (See Appendix II for listing of 
vacuum-tube symbols.) If an alternating signal voltage of 1 volt (Fig. 

laJ 





Fza. 4-14.—Illustration of the effect of the signal voltage upon grid voltage and plate 
current, (a) Signal voltage (instantaneous values of the varying component of the grid 
voltage), (5) grid bias (average or quiescent value of the grid voltage), (e) grid voltage 
(instantaneous total grid voltage), (d) plate current h (average or quiescent value of 
plate current) and plate current ib (instantaneous total plate current), (e) plate voltage Eb 
(average or quiescent value of plate voltage) and plate voltage eb, also output voltage 
(instantaneous total plate voltage). 

4-14o) is impressed across the input terminals of the grid circuit (Fig. 
4-13), the voltage on the grid of the tube will vary from —2 to —4 volts, 
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as shown in Fig. 4-14c. As the number of electrons flowing to the plate is 
controlled by the negative potential on the grid, the plate current will 
vary in the same manner as the signal voltage. This is illustrated by 
the varying plate current shown in Fig. 4-14d, mn.Yimimn plate current 
flowing when the grid is least negative and minimum plate current flowing 
when it is most negative. 

Phase Relation between the Varying Grid Voltage, Varying Plate Current, 
and Varying Plate Voltage. It has just been shown that the plate current 
of a tube will vary in the same manner as the signal voltage that is 
applied to its grid. It may therefore be stated that the plate current 
variations are in phase with the grid voltage variations. 

The output of the tube circuit shown in Fig. 4-13 is generally taken 
off at the plate, or top of resistor K„, and the ground. The voltage 
available between these two points is equal to the B supply voltage 
minus the voltage drop at the resistor !?<,. If the tube has a grid bias of 
3 volts (Fig. 4rl46), a steady plate current h will flow (Fig. 4-14d) and 
the output voltage will have a value indicated as the steady voltage Ei, 
(Fig. 4-14e). When a signal is applied to the grid, the positive portions 
of the signal voltage will cause an increase in the plate current, which will 
increase the voltage drop across the output resistor R„ and thus will 
decrease the output voltage et (Fig. 4-14e). The negative portions of the 
signal voltage will decrease the plate current, reduce the voltage drop 
across Ro, and increase the output voltage e^. From this action, it can 
be seen that an increase in signal voltage will produce a decrease in the 
output voltage or that a decrease in signal voltage will produce an increase 
in the output voltage. It may therefore be stated that the output 
voltage variations are 180 degrees out of phase with the signal voltage 
variations. 

Action of the Grid with a Positive Voltage. If the value of the signal 
voltage is such that it will make the grid positive, the grid will act in the 
same manner as a plate and will draw electrons to it, thus causing a 
current to flow in the grid circuit. This condition can be avoided by 
using a grid bias whose value is larger than the maximum amount of 
input signal voltage that is applied. 

4-6. Characteristic Curves of a Triode. Curve and Tabular Repre¬ 
sentation of Operating Characteristics. The major operating character¬ 
istics of a vacuum tube are used to identify the electrical features and 
operating values of the tube. These values may be listed in tabular 
form or plotted on graph paper to form a curve. When given in curve 
form they are called characteristic curves. These curves may be used for 
determining the performance of a tube under any operating condition. 
The tube’s constants can also be calculated from these curves. Tabular 
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Fig. 4-15.—Structural i>art8 of a typical glass tube. (CourUsy of RCA Manufacturing Co., Inc,) 
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form listings as found in most tube manuals (also Appendix XV) are 
limited, as they list only the values of the characteristics for one or two 
of the operating conditions commonly used for that particular tube. 

Methods Used to Obtain Operating Characteristics. Tube character¬ 
istics are obtained from electrical measurements of the tube with definite 
values of voltage applied to the various electrodes. Characteristic 
curves may be further classified as to the condition of the circuit when 
these values are obtained. Static characteristics are obtained by varying 
the d-c voltages applied to the electrodes, and with no load applied to 
the plate. Dynamic characteristics approximate the performance of a 
tube under actual working conditions. They are obtained by applying 
an alternating (or signal) voltage to the grid circuit and inserting a load 



Fiq. 4-16.—Diagram of a test circuit for obtaining static or dynamic characteristics for 

triodes. 

resistance in the plate circuit, the d-c voltages on all electrodes being 
adjusted to the desired values. By varying the load resistance and the 
d-c voltages on the electrodes, the characteristics for any operating 
condition of the tube can be obtained. By using the circuit shown in 
Fig. 4-16, either the static or dynamic characteristics of a triode can be 
obtained. If static characteristics are desired, switches Si and S 2 are 
closed. For dynamic characteristics, switches Si and St are opened, a 
signal voltage is applied at the input terminals Ti and 7 * 2 , and a load 
resistance is placed across the output terminals T» and T 4 . Rated 
filament voltage can be obtained by adjusting the rheostat in the A power 
supply. The voltage applied to the plate of the tube may be varied by 
means of the potentiometer in the B power supply. The voltage on 
the grid of the tube may be made positive or negative by means of the 
dpdt reverdng switch and its value may be adjusted by varying the 
potentiometer in the 0 power supply. 
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Plate Voltage-Plate Current, and Grid Voltage-Plate Current Character^ 
istic Curves. Values for plotting characteristic curves may be obtained 
by adjusting the heater or filament voltage to its rated value and record- 



Fia. 4-17.—Plate characteristic curves of a triode showing the variation in plate current 

for changes in plate voltage. 

ing the current % flowing in the plate circuit when either the plate voltage 
64 is varied -and the grid voltage E. is kept constant, or when the grid 
voltage is varied and the plate voltage is held constant. Curves showing 



Fig, 4-18.—Transfer characteristic curves showing the variation in plate current for 
changes in grid voltage. These curves have been cross-plotted from Fig, 4-17. 

the variation in plate current for changes in plate voltage with constant 
steps of grid voltage are called plate characteristic curves. A typical set, 
or family, of these curves, also called etii, or EpI, curves, is shown in Fig. 
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4-17. Curves showing the variation in plate current for changes in 
grid voltage with constant steps of plate voltage are called grid-plate 
transfer characteristic curves, A typical set or family of these curves, 
also called edh or Eglj, curves, is shown in Fig. 4-18. 

Tube Constants, Vacuum-tube 


characteristics are often referred to 
as the constants of the tube. The 
constants most commonly used are 
the amplihcation factor fi, (mu); the 
plate resistance, rp; and the control- 
grid-plate transconductance, g^- 
Control-grid-plate transconduet- 
ance is usually referred to as just 
transcondactance. Transconduct¬ 
ance is also known as mutual 
conductance, 

4-7. Amplification Factor. 

Definition, The amplification fac¬ 
tor of a tube may be defined as a 
measure of the relative ability of 
the grid and the plate to produce 
an equal change in the plate cur¬ 
rent. The amplification factor of 
any tube may be more precisely 
defined as the ratio of the change 
in plate voltage to a change in 
control-grid voltage for a constant 
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Fig. 4-19.—Plate characteristic curves. 


value of plate current, ^vith the voltages applied to all other electrodes 
maintained constant. It is expressed mathematically as 


IX = ~ (ib — constant) 
acc 


(4-1) 


where jx == amplification factor 

d = a change or variation in value 
dcb = a change in the instantaneous total plate voltage, volts 
cko = a change in the instantaneous total control-grid voltage 
necessary to produce the same effect upon the plate current 
as would be produced by dcb, volts 
4 = instantaneous total plate current, amperes 
Method of Obtaining the Amplification Factor, The amplification 
factor may be calculated from values obtained from the plate charac¬ 
teristic curves such as those shown in Fig. 4-19. 
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Example 4-3. What is the amplification factor of a type 6C6 tube when operated 
at its normal heater voltage and with a plate voltage of 150 volts and a grid bias of 
4 volts? 


Given: 

Tube «■ 6C5 
Cb = 150 volts 
Ec “ —4 volts 

Solution: 

From Fig. 4-19 

ih =» 6 ma when Cb * 150 volts and Ee “ —4 volts 

Further examination of Fig. 4-19 shows that if the plate voltage is increased from 
150 volts to 200 volts, the grid-bias voltage would have to be increased from —4 volts 
to —6.5 volts in order to maintain the plate current at 6 ma. Thus the amplification 
factor is 


Find: 

M « ? 


deb _ 200 - 150 
^ “ de« “ 6.5-4 


50 

2.5 


« 20 


The amplification factor of a tube depends upon the construction and 
spacing of the electrodes within the tube, especially of the grid. Changes 
in the grid that will more completely shield the plate from the cathode 
will produce an increase in the amplification factor. 

4-8. Plate Resistance. Definition. The plate resistance of a tube 
may be defined as the resistance to the flow of alternating current offered 
by the path between the cathode and plate. This is sometimes referred 
to as the dynamic 'plate resistance or the a-c plate resistance. The value 
of the plate resistance will depend upon the value of the grid and plate 
voltages being applied to the tube. Mathematically it is defined as the 
ratio of a change in plate voltage to the corresponding change produced 
in the plate current with the grid voltage maintained constant, or 


Tp = ^ {co — constant) (4-2) 

where rp = dynamic plate resistance, ohms 

dih = change in the instantaneous total plate current, amperes 
Be = instantaneous total grid voltage, volts 
Method of Obtaining the Plate Resistance. The plate resistance is 
obtained by determining the variation in plate current for a specific 
change in plate voltage with the control-grid voltage maintained at a 
constant value. The values for calculating the plate resistance can 
readily be obtained from the plate characteristic curves by constructing 
a trian^e whose base extends equal amounts above and below the operat¬ 
ing value of plate voltage as shown in Fig. 4-20. 
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Example 4-4. What is the plate resistance of the tube whose characteristic curves 
are shown in Fig. 4-19, when operated with 150 volts applied to the plate and with a 
grid bias of 4 volts? 

Given: Find: 

Cb « 150 volts fp * ? 

= —4 volts 

Solution: 

Using the curve for —4 volts grid, construct a triangle wliose base extends 20 volts 
above and below the operating plate voltage, or from 130 to 170 volts (see Fig, 4-20). 



Plate volts, 

Fig. 4-20.—Method of determining the plate resistance of a tube. This curve is an 

enlarged segment of Fig. 4-19. 

The altitude of the triangle represents the variation in plate current produced by the 
change in plate voltage, or 4 ma as indicated on Fig. 4-20. The plate resistance there¬ 
fore is 

The solution of Example 4-4 gives the dynamic or a-c plate resistance 
of the tube. It should be noted that this is not the same value as would 
be obtained by dividing the operating plate voltage by its corresponding 
plate current. Such a value is known as the static resistance or the 
d-c resistance of the tube, but it is seldom used in the study of tubes and 
their circuits. 

The dimensions and relative positions of the electrodes of a tube will 
largely determine the value of its plate resistance. The plate resistance 
is sometimes referred to as the impedance of the tube, the internal resist^ 
ance of the tube, the dynamic plate resistance^ or the tubers Orc resistance* 








Plate current if,, miitiamperes 
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4-9. Transconductance. Definition. The transconductancc of a 
tube may be defined as the ratio of the change in plate current to a change 
in the control-grid voltage when all other tube-element voltages are kept 
constant. This is expressed mathematically as 

gm — ^ (eb — constant) (4-3) 

(t€c 


where Qm — transconductance, mhos 

Cb = instantaneous total plate voltapje, volts 



Grid volts,Orid volts, 

Fig. 4-21.—Grid-plate transfer characteristic Fig. 4-22.—Method of determining the 
curves. transconductance of a tube. This curve is 

an enlarged segment of Fig. 4-21. 

Method of Obtaining the Transconductance, The transconductance is 
obtained by determining the variation in plate current for a specific 
change in grid voltage with the plate voltage maintained at a constant 
value. The values for calculating the transconductance can readily be 
obtained from the grid-plate transfer characteristic curves by construct¬ 
ing a triangle whose base extends equal amounts above and below the 
operating value of the grid voltage, as shown on Pig. 4-22. 

Example 4-5. What is the transconductance of the tube whose characteristics 
are shown in Fig. 4-21, when operated with 150 volts applied to the plate and with a 
grid bias of 4 volts? 

Given: Find: 

66 150 volts “ ? 

Et -4 volts 
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Solution: 


Using the curve for 150 volts, construct a triangle whose base extends 0.5 volt 
above and below the operating grid voltage or from -3.5 to -4.5 volts (see Fig. 4-22). 
The altitude of the triangle represents the variation in plate current produced by the 
change in grid voltage, or 2 ma as indicated on Fig. 4-22. The transconductance, 
therefore, is 



0.002 

1 


0.002 mho 


The unit of conductance is the mho and its name is obtained by 
spelling ohm backwards. For convenience of numbers, the transcon¬ 
ductance is often expressed in micromhos. For instance, the answer to 
Example 4-5 might be expressed as 2000 micromhos. 



Fig. 4-23.—Development of triodes. (a) Early DeForest three-element tube, (6) early 
triode of the type UV-200, (c) early triode using an indirectly heated cathode, (d) modern 
triode with an indirectly heated cathode and metal tube construction. {Courtesy of RCA 
Manvfdduring Co,, Inc.) 


The dimensions and relative positions of the electrodes of a tube will 
largely determine the value of its transconductance. Examination of 
Eq. (4-3) will show that a tube that produces a relatively large change in 
plate current for a small change in grid voltage will have a relatively 
high value of transconductance, and, since such conditions are generally 
desired, tubes having a high value of transconductance are preferred. 

4-10. Relation between Amplification Factor, Plate Resistance, and 
Transconductance. In each of the three previous articles describing the 
amplification factor, plate resistance, and transconductance, respectively, 
it was stated that the particular tube constant being discussed was 
affected by the construction and spacing of the tube's electrodes. It 
may further be stated that a definite relation exists between the three 
constants. This relation is developed mathematically in the following 
steps: 
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Step (1) 

deh 

'‘“Si; 

(4-1) 

Step (2) 

X 

11 

(4-4) 


(i%h dsj} 

d^c dij) 

(4-4a) 

Step (3) Substituting Eqs. (4-3) and (4-2) in (4-4a) 



M — QnJ'p 

(4-5) 


*p 

(4-5a) 


II 

(4-56) 


Example 4-6. What is the transconductance of a type 6SQ7 tube when operated 
at such values of voltage that its amplification factor is 100 and its dynamic plate 
resistance is 91,000 ohms? 

Given: Find: 

Tube = 6SQ7 flfm « ? 

M » 100 

Tp = 91,000 ohms 

Solution: 

~ ** 0.0011 mho, or 1100 micromhos 

Tp yi,uuu 

Example 4-7. What is the plate resistance of a type 6C6 tube when operated at 
such values of voltage that its amplification factor is 20 and its transconductance is 
2000 micromhos? 

Given: Find: 

Tube » 6C5 r, «» ? 

M « 20 

gm “ 2000 micromhos 

Solution: 

4-11. Voltage Amplification per Stage. The maximum theoretical 
value of voltage amplification per amplifier stage is indicated by the 
amplification factor of the tube. However, this theoretical maxi mum 
value cannot be obtained in practical amplifier circuits, as the voltage 
amplification is limited by the plate resistance of the tube and the 
impedance of the load. 
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The signal output of the tube may be taken as the voltage drop 
acjross the output or load resistor Ro (see Fig. 4-24). According to Ohm^s 
law, the output voltage Cp will be proportional to the value of the resist¬ 
ance Ro and the plate current ip. 

The voltage amplification of the cir¬ 
cuit will be 


VA = (4-6) 

From Fig. 4-24b it can be seen that 


e 


also 


p ““ ttpRo 


tn — 


Ro 'f'p 


(4-7) 

(4-8) 



-vww- 


Substituting Eq. (4-8) for ip in Ecp 
(4-7) 


-peg 


^p 


€n — 


fX^g'R/0 


(4-9) 


Ro ” 1 “ ^p 

Substituting Eq. (4-9) for Cp in Eq. (4-6) 

“T Tp 


(b) 

Fig. 4-24. —Simple triode amplifier, 
(a) The circuit diagram, (6) the equiva¬ 
lent plate circuit diagram. 


(4-10) 


where VA = voltage amplification of the stage 

Cp = instantaneous value of varying component of plate volt¬ 
age, volts 

eg = instantaneous value of varying component of grid voltage, 
volts 

Ro = resistance of the output or load resistor, ohms 
Equation (4-10) represents the voltage amplification per stage for a 
circuit using a tube and an output load resistor Ro (Fig. 4-24). In this 
circuit the load is considered as a pure resistance. The load may not 
always be a resistance load but may sometimes be an inductance or 
capacitance load. The conditions for impedances other than pure 
resistance are presented in Chaps. VII, VIII, and IX. 

Relation between r^, Ro, and the Voltage Amplification, In order to 
obtain the maximum voltage amplification per stage with tubes having 
approximately the same amplification factor, a tube whose plate resist¬ 
ance is as low as is practicable should be used. This may be seen by 
examination of Eq. (4-10), which indicates that for a definite plate load 
the voltage amplification will increase as the plate resistance is decreased. 
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This should not be confused with the maximum power output, which 
occurs when Ro is equal to r^, as is explained in Chap. IX. 

Example 4-8. Two tubes, each with an amplification factor of 9 but with plate 
resistances of 10,000 ohms and 20,000 ohms respectively, are alternately pla(?ed in a 
circuit whose load resistor has a value of 20,000 ohms. Which tube produces the 
greater voltage amplification for the circuit? 


Solution: 
Tube 1 

Tube 2 


Given: 

Ro = 20,000 ohms 
Tube 1 
M = 9 

Tp = 10,000 ohms 
Tube 2 
/X = 9 

Tp ~ 20,000 ohms 


Find: 

VA for tube 1 = ? 
VA for tube 2 =» ? 


VA = 


VA 


tiRi 


Ro 


_ 9 X 20,000 _ - 

+ Tp 20,000 -h 10,000 ° 


tiRo 


9 X 20,000 


4.5 


Ro + Tp 20,000 + 20,000 

Thus the tube with the lower value of rp produces the greater voltage amplification 
for the circuit. 

Further examination of Eq. (4-10) shows that for a given value of 
plate resistance and amplification factor of a tube, the voltage amplifica¬ 
tion of a circuit will increase if the value of the load resistor is increased. 

Example 4-9. A tube whose amplification factor is 9 and whose plate resistance is 
10,000 ohms is alternately used with circuits containing load resistors of 10,000 ohms 
and 20,000 ohms respectively. With which circuit does the tube produce the greater 
voltage amplification? 

Given: Find: 

At =* 9 VA for circuit 1 « ? 

Tp « 10,000 ohms VA for circuit 2 » ? 

Circuit 1 

Ro = 10,000 ohms 
Circuit 2 

Ro = 20,000 ohms 

Solution: 


Circuit 1 


VA ™ 

9 X 10,000 


Ro + r. 

" 10,000 + 10,000 

Circuit 2 


xro _ 

9 X 20,000 


Ro + rp 

“ 20,000 + 10,000 


6 


tion. 


Thus the circuit with the higher value of Ro produces the greater voltage amplifica- 
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Fig. 4-25.—Structural parts of a typical metal tube. {Courtesy of RCA Manufacturing Co., /nc.) 
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1 METAL ENVEIOK 
3 SPACER SHIELD 

3 INSUUTMG SRACER 

4 MOUNT SUPPORT 
ft CONTROL GRID 

4 COATED CATHODE 
/SCREEN 

5 HEATER 

t SUPPRESSOR 
10 PLATE 


11 lATAiUM 
GETTER 

12 CONICAL 
STEM SHIELD 

13 HEADER INSERT 

14 GLASS SEAL 

15 HEADER 

14 GtASSOUTTON STEM 
SEAL 

17 CVUNDMCAL lASE 
SHIELD 



Fig. 4-26.—Structure of a aingle-ended metal tube. (Courteay of RCA Manufaeturing Co., 

Ine.) 
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4-12. Relation between the Transconductance and the Operating 
Performance of a Tube. Vacuum tubes are ordinarily operated so that 
small variations in voltage of the grid or input circuit will produce large 
current variations in the plate or output circuit. It is therefore impor¬ 
tant that the transconductance of a tube be as high as possible. 

Furthermore, since it is usually desired to keep the plate resistance 
low, the transconductance must l)e high if a high value of amplification 
factor is desired. This may readily be seen from examination of Eqs. 
(4-3) and (4-5). 

The transconducitance is very useful when comparing the relative 
merits and performance capabilities of tubes designed for the same 
service. A comparison of the transconductance of a power output tube 
with that of a tube used as a converter would, however, have no practical 
value. Generally, the value of transconductance is accepted as the best 
single figure of merit for vacuum-tube performance. 

For easy comparison. Table IV-I shows the d-c operating voltages 
and the tube characteristics, obtained from Appendix XV, for a type 
6C5 and a type 6P5 tube. 

Table IV-I.—Comparison op Tube Characteristics 



These values indicate that the type 6C5 would be used in preference 
to the 6P5. It is also observed that the higher transconductance is 
accompanied by an increase of amplification factor from 13.8 to 20. 


Electron flow 

Control grid P/oite 
Cathode X^-i^ScrKn grid 


Electron 


Pio. 4-27.—Circuit diagram for a tetrode showing the electron flow and the proper con¬ 
nection for the screen grid. 

4-13. Hie Tetrode. Tfee Screen Grid. When a fourth electrode is 
used, the tube is called a fefrode; it is also occasionally referred to as a 
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8crem-grid tube or a four-elcctrode tube. The fourth electrode is known as 
the screen grid and usually consists of a spiral-wound wire or a screen, 
slightly coarser than that used for the control grid, placed between the 
plate and the control grid of the tube (see Fig. 4-27). The circuit 

connections and the direction of electron 
flow for a tetrode are shown in Fig. 
4-27. 

Interelectrode Capacitance. Capaci¬ 
tance is present whenever two conduc¬ 
tors are separated by an insulator. In 
any tube, the electrodes act as conduc¬ 
tors and the space between the elec¬ 
trodes acts as an insulator; therefore a 
capacitance will exist between each pair 
of electrodes. These capacitances, 
known as interelectrode capacitances^ may 
which current can flow. 

The interelectrode capacitances of a triode are shown in Fig. 4-28. 
These capacitances are usually of very low values, as is indicated in 
Table IV-II, which shows the interelectrode capacitances for a type 6C5 
tube. 



Fia. 4-28.—Interelectrode capaci¬ 
tances of a triode. 


form undesired paths through 


Table IV-II.— Intekeleotbode Capacitances, Ttpb 6C5 Tube 


Grid-plate capacitance (approximate). 2.0 mA 

Grid-cathode capacitance (approximate). 3.0 niA 

Plate-cathode capacitance (approximate). 11 nnl 


Effect of the Interelectrode Capacitance. The capacitance between 
the grid and plate is generally the most troublesome. It has been 
shown in Art. 4-6 that, when a var 5 ang signal voltage is applied to the 
grid, the plate voltage will vary in a similar manner. The grid-plate 
interelectrode capacitance causes some of the energy of the plate circuit 
to be applied to the grid circuit. .Aphe.fiMigy_tranrfeiTed.ft;omJfee.^t- 
put to the input circuit is referred to asfe^adcTli tfieout^t circuit 
contains resistance load, the feedback voltage will be 180 degrees out of 
phase with the input voltage and therefore will reduce the effect of the 
input signal; this is called degeneration, or negative feedback. When the 
output circuit load is inductive, the feedback voltage will be in phase 
with the input voltage and therefore will increase the effect of the input 
signal; this is called regeneration or positive feedback. 

The amount of feedback caused by the interelectrode capacitance is 
usually very small at audio frequencies because the capacitive reactance 
fEq. (2-20)] at these frequencies is very high. At radio frequences, 
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however, the capacitive reactanec' becomes much lower and the feedback 
may reach an amount sufficient to cause trouble in the operation of the 
circuit. 

Positive feedback has the advantage of increasing the gain of a circuit 
but has the disadvantage of causing distortion. Negative feedback has 
the advantage of reducing distortion but has the disadvantage of causing 
a reduction in the voltage gain of the circuit. If either regeneration or 
degeneration gets out of control, the tube no longer operates successfully 
as an amplifier. Und(T this condition the tube will act as an oscillator. 

Nvvtralizing Circvits, In order to overcome the undesirable effect of 
feedback, som(' types of receivers were equipped with neutralizing circuits. 
The purpose of these circuits was to produce a voltage in each grid 
circuit equal in amount and opposite in phase to the voltage produced by 
the grid-plate capacitance of the tube used in that circuit. The resultant 
of these two voltages theoretically equaled zero, and oscillation or 
feedback was thereby prevented. 

Elimination of Feedback by Use of a Screen Grid. The capacitance 
between the control grid and the plate of a triode can be reduced to a 
negligible value by adding a fourth electrode or screen grid. The screen 
grid is mounted between the control grid and the plate and acts as an 
electrostatic shield between the two, thus reducing the control-grid-plate 
capacitance. Connecting a by-pass capacitor between the screen grid 
and the cathode will increase the effectiveness of this shielding action. 
The control-grid-platc capacitance of screen-grid tubes is generally 
0.01 yfii or less. 

Another advantage of the tetrode is that it can be operated over quite 
a wide range of plate voltage, but only for values of voltage greater than 
the screen-grid voltage, with comparatively little change in the plate 
current. This is made possible by constnicting the screen grid with 
comparatively large spacing between its wires, thereby permitting most 
of the electrons drawn toward the screen grid to pass through it and on 
to the plate. As the screen grid is operated at a comparatively high 
potential and because of the spacing of its wires, it produces an electro¬ 
static force pulling electrons from the cathode to the plate. At the 
same time, the screen grid shields the electrons between the cathode and 
the screen grid from the plate and therefore the plate exerts very little 
electrostatic force on electrons near the cathode. Hence, as long as the 
plate voltage is higher than the screen-grid voltage, the plate current 
depends largely on the screen-grid voltage and very little on the plate 
voltage. The fact th at the platj eLjauxenlpj^ indg- 

p enden t of "the j^ate voltage makes it possible to obtain much higher 
Amplification with the tetrode than wdth a triode. ^In other words, the 
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ratio of plate voltage change to grid voltage change (for a constant plate 
current) will be mucli higher for tetrodes than for triodes. The low 
control-grid-plate capacitance makes it possible to obtain this high 
amplification without plate-to-control-grid feedback and the resultant 
instability. 

The screen grid also serves to reduce the space charge. Being 
situated between the control grid and the plate, and having a positive 
potential, the electrons coming from the cathode receive added accelera¬ 
tion on their way to the plate, and the tendency to form a space charge is 
reduced. 

Characteristic Curves for a Tetrode, A family of plate characteristic 
curves for a tetrode is shown in Fig. 4-29. It should be noted that the 



Fig. 4-29.—Family of plate characteristic curves for a tetrode. 


curves have a peculiar shape as compared to the ciuvos of the triode. 
Each ciuve represents the variations in plate current with changes in 
plate voltage for a different value of grid bias. It should be kept in 
mind that the screen-grid voltage of the tube under test was maintained 
at 90 volts for all conditions. The dip that occurs in the curve when the 
plate voltage is less than the screen-grid voltage is caused by the second¬ 
ary emission of electrons at the plate. Secondary emission occurs when 
electrons from the cathode, called the 'primary emission, strike other 
electrodes with sufficient force to dislodge other electrons. The electrons 
liberated in this manner are secondary to the original cathode or primary 
emission, and this effect is therefore called secondary emission. If the 
screen-grid voltage is higher than the plate voltage, the secondary 
electrons will be attracted by the screen grid and will flow in that circuit. 
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The dip in the curve occurs because the plate current is decreased by the 
amount of the secondary emission that finds its way into the screen-grid 
circuit. 

When the plate voltage reaches the value of the screen-grid voltage, 
the secondary electrons find it more difficult to reach the screen grid, 
since the plate itself now attracts some of the secondary electrons. When 
the plate voltage exceeds the screen-grid voltage, practically all the 
secondary electrons return to the plate, and therefore the curve approaches 
a horizontal line. 

The curves of Fig. 4-29 indicate that the tube would have v^ery 
unstable operation for values of plate voltage under 100 volts. This 
means that, if the plate voltage variations, owing to the signal input, 
cause the plate voltage to drop below 100 volts, large changes in plate 
current will result. In order to prevent unstable op)eration, the 
variations in plate voltage, commonly referred to as the plate voltage 
swing, should at no time cause the plate voltage to drop below 100 volts 
for this tube. 

Constants of the Tetrode. The constants for the tetrode are found by 
constructing a triangle on the characteristic curve about the operating 
point desired in the same manner as for triodes. It can be observed that 
a small change in grid voltage produces a very large change in plate 
current compared to the change in plate voltage required to produce an 
equal change in the plate current. The amplification factor of the tube 
as determined by Eq. (4-1) is therefore very high. It can also be noted 
that a large change in plate voltage produces very little change in plate 
current, henO0 the plate resistance [Eq. (4-2)] will be very high. The 
transconductance, however, is equal to or slightly lower than for a triode 
of similar construction. 

The amplification factor for triodes ranges from approximately 3 to 
100. The plate resistance of triodes ranges from approximately 800 to 
50,000 ohms. Tetrodes can be obtained with amplification factors as 
high as 800. The plate resistance increases with the amplification factor 
and some tetrodes ha\e a plate resistance of over a million ohms. 

The high plate resistance and the correspondingly high value of load 
resistance required to make the voltage amplification of a tetrode ampli¬ 
fier circuit approach the amplification factor of the tube make this 
condition impracticable because of the high voltage required of the plate 
[)ower supply. However, with practical values of load resistance and 
3late supply voltage, the voltage amplification obtained is much greater 
/han can be obtamed with triodes. 

Tetrodes were formerly used as voltage amplifiers in the r-f amplifier 
itages of receivers However, pentodes have all the advantages of 
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tetrodes and in addition they minimize the disadvantages. For this 
reason tetrodes are very seldom used in modern receivers. 

4-14. The Pentode. The Suppressor Grid. A tube with five elec¬ 
trodes—namely, a cathode, three grids, and a plate—is called a pentode 
or a jive-electrode tube. The fifth electrode is an extra grid called the 
suppressor grid. The electrodes of the pentode are arranged with the 
cathode at the center and surrounded by the control grid, the screen 
grid, the suppressor grid, and the plate in the order named (see Fig. 
4-30). The circuit connections and the direction of electron flow for 
the pentode are shown in Fig. 4-30. 

The suppressor grid usually consists of a spiral-wound wire or a 
coarse-mesh screen placed between the screen grid and the plate. When 
the various grids of the tube are in the form of a screen, the control grid 



Fig. 4-30.—Circuit diagram for a pentode showing the electron flow and the proper con¬ 
nection for the screen grid and the suppressor grid. 

is of a very fine mesh so that small changes in control-grid voltage will 
produce relatively large changes in plate current and consequently will 
produce a high value of transconductance for the tube. The screen grid 
is of a somewhat coarser mesh so that it will not appreciably affect the 
flow of electrons to the plate, its purpose being largely to reduce the 
control-grid-plate capacitance. The suppressor grid is of a compara¬ 
tively coarse mesh in order that it will not retard the flow of electrons to 
the plate while serving its function of preventing the secondary emission 
from reaching the screen grid. In most pentodes the suppressor grid is 
internally connected to the cathode. There are, however, some types of 
pentodes that have the suppressor grid brought out as a separate terminal 
thereby making possible additional circuit uses. 

Action of the Suppressor Grid. Secondary emission is present when¬ 
ever electrons strike a plate with sufiicient velocity to dislodge other 
electrons. It does not cause trouble in the usual operation of diodes and 
triodes because the only positive electrode in the tube is the plate and 
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the secondary electrons will be drawn to it. In tetrodes, however, the 
screen grid offers a strong attraction to the secondary electrons, partic¬ 
ularly if the plate voltage is lower tlian the screen-grid voltage. This 



(i) 

Fiq. 4-31.—Family of plate oharaoteristio ovirves for a pentode, (o) Type 0J7 tube with 


uniformly spaced grid, (6) type 0K7 tube with supercontrol grid. 


effect lowers the plate current and limits the permissible plate-voltage 
swing for tetrodes. 

In pentodes, the suppressor grid is added to prevent the secondary 
electrons from traveling to the screen grid. In order to accomplish this 
the suppressor grid is connected directly to the cathode. Being at 
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cathode potential, the suppressor grid is negative with respect to the 
plate, and because it is close to the plate it will repel the secondary elec¬ 
trons and drive them back into the plate. 

Characteristic Carres for a Pentode, A family of curves for a typical* 
pentode is shown in Fig. 4-31. Comparing this set of curves with the 
curves for a tetrode, it will be seen that the unstable portion of the 
tetrode curves is eliminated. It is therefore possible to have a larger 
plate-voltage swing with a small variation in plate current 

Constants of the Pentode. The tube constants for a pentode are 
determined in the same manner as for the triode and tetrode, that is, by 
constructing triangles about the operating point desired. The ampli¬ 
fication factor and the plate resistance are higher for the pentode than 
for a comparable tetrode and the transconductance is about the same as 
for a similar triode or tetrode. 

The amplification factor of triodes ranges from approximately 3 to 
100, for tetrodes from 40 to 800, and for pentodes from 70 to over 5000. 
The plate resistance of triodes ranges approximately from 800 to 50,000 
ohms, for tetrodes from 10,000 to 1,000,000 ohms, and for pentodes from 
35,000 to 2,000,000 ohms. The transconductance for triodes ranges 
from 200 to 6000 micromhos, for tetrodes from 500 to 8000 micromhos, 
and for pentodes from 500 to 8000 micromhos. 

Pentode tubes can be used as either voltage or power amplifiers. 
In power pentodes, a higher power output is obtained with lower grid 
voltages. Pentodes used as r-f amplifiers give a high voltage amplifica¬ 
tion when used with moderate values of plate voltage. 

4-16. Variable-mu or Supercontrol Tubes. A triode or pentode 
with its control grid constructed in such a manner that the amplification 
factor of the tube will vary with a change in grid bias is called a vari- 
ahle-mu or supercontrol tube. It is also sometimes referred to as a remote 
cutoff tube. 

Cutoff with Ordinary Grid Structure. If the grid bias on a tube is 
steadily increased, it will eventually reach a value that will reduce the 
plate current to zero and it is then said that the tube has reached cutoff. 
In a tube with the ordinary grid construction, that is, one in which the 
turns of the spirally wound control grid are equally spaced, increasing 
the grid bias causes the plate current to decrease very rapidly to cutoff 
(see Fig. 4-32). A further effect of this type of grid construction is to 
produce a tube with a practically constant amplification factor for all 
values of grid bias. Such a tube is generally referred to as being a sharp 
cutoff or constant-mu tube. 

Effects of Sharp Cutoff. A tube with a sharp cutoff is limited to use 
in circuits with relatively small changes in grid voltage. In circuits that 
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have a large signal voltage, sharp cutoff would produce distortion in the 
form of cross modulation and modulation distortion. 

Cross modulation or cross talk is the effect produced when the undesired 
signal from a second station is heard in addition to the signal of the desired 
station. When cross modulation is present, it is generally caused in the 



Grid vol+s,^^ 


first stage of the r-f amplification. 

Modulation distortion is the 
effect produced when the signal 
voltage drives the tube beyond 
cutoff and thereby distorts the 



Fig. 4-32.—Comparative characteristic Fig. 4-33.—Cross-section view showing 

curves of a tube with a supercontrol grid and the construction of the electrodes of a 
a tube with a uniformly spaced grid. supercontrol amplifier tube. 


desired audio signal. When modulation distortion is present, it is 
generally caused by the last stage of i-f amplification. 

Action of the Supercontrol Tube. The characteristics of the super- 
control tube are such that they enable the tube to handle both large and 
small input signals with a minimum amount of distortion over a wide 
range of signal voltage. The supercontrol action is accomplished by the 
special construction of the control grid, which provides a variation in the 
amplification factor for changes in grid bias. The grid is spiral wound 
with its turns close together at the ends but with considerable space 
between turns at the middle (see Fig. 4-33). For weak signals and a low 
grid bias, the tube operates practically the same as one with a uniformly 
spaced grid. With larger input signals, more grid bias is required. The 
increased grid bias will produce a cutoff effect at the section of the cathode 
enclosed by the ends of the grid because of the close spacing of the grid 
wires. The plate current and other tube characteristics are now depend¬ 
ent on the electron flow through the center section of the grid, where the 
turns are spaced farther apart. The wide spacing changes the gain of the 
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tube and enables it to handle large signals with a minimum amount of 
distortion. 

The curves of Fig. 4-32 show the characteristics for a sharp cutoff and 
a supercontrol tube. It will be noted that the rate of plate-current 
change is approximately the same in both tubes for small values of grid- 
bias voltage, while for large values of grid bias the plate current decreases 
at a much lower rate for the supercontrol tube. This low rate of change 
makes it possible for the tube to handle largo signals satisfactorily. The 
variable-mu permits the tube to be used in automatic-volume-control 
circuits. 

4-16. The Beam Power Tube. A further improvement in the opera¬ 
ting characteristics of the vacuum tube is obtained with the beam power 
tube. This type of tube is constructed so that the electrons flowing to 
the plate are made to travel in concentrated beams. As it is capable of 
handling larger amounts of power it is called a beam power tube. This 
tube, which is actually either a modified tcdrode or pentode, contains a 
cathode, a control grid, and a screen grid, and in the case of the pentode 
type it also contains a suppressor grid. 

Action of the Beam Power Tube, When the beam powx‘r tube is of the 
tetrode type, that is, without a separate suppressor grid, the control grid 
and the screen grid are of the spiral-wound wire construction and their 
respective turns are placed so that each turn of the screen grid is shaded 
from the cathode by a turn of the control grid. This arrangement of the 
grid wires causes the electrons to flow in directed paths between the turns 
of the screen grid. Beam-forming plates (see Fig. 4-34) are added to aid 
in producing the desired beam effect and to prevent stray electrons from 
the plate from flowing into the screen-grid circuit. This results in the 
tube having a relatively low value of screen-grid current. The beam¬ 
forming plates are operated at cathode potential by connecting them 
directly to the cathode. By increasing the spacing between the screen 
grid and the plate, a space charge is set up in this area. This space charge 
repels the secondary electrons emitted from the plate and forces them 
back into the plate. 

Characteristics of a Beam Power Tube. The characteristics of the 
beam power tube are similar to those of the pentode. A family of curves 
for a typical beam power tube is shown in Fig. 4-35. The beam power 
tubes provide a straighter curve at the lower plate voltages than the 
pentodes and hence will have less chance of producing distortion. The 
amplification factor is high when compared with triodes and low when 
compared with tetrodes and pentodes. The plate resistance is high but 
not so high as that of pentodes. The transconductance is generally 
higher than for any other type of tube. 
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The combined effects of the directed concentrated beam of electrons, 
the suppressor action of the space charge, and the low value of the screen- 
grid current result in a tube of high power output, high efficiency, and 
high power sensitivity. 

Beam power tubes are used for a-f amplifiers in receivers. The same 
principle is used for the larger size tubes employed in transmitters. 

4-17. Multielectrode and Multiunit Tubes. Multielectrode Tubes. 
It has been shown in the previous articles that additional electrodes were 
added to the simple diode and triode to improve the operating characteris¬ 
tics of the vacuum tube. As a result, there were developed such tubes as 
the full-wave rectifier, tetrode, pentode, and beam power tube. 
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Fio. 4-36.—Types of multiunit tubes. 


The number of electrodes in a tube may be further increased, as in the 
case of the type 6L7, which contains seven electrodes (exclusive of the 
heater), namely, a cathode, five grids, and a plate. The tube is used in a 
superheterodyne receiver to mix the carrier frequency and the oscillator 
frequency in order to obtain a new lower value of frequency (called the 
intermediate frequency) and hence it is commonly called a mixer or a con¬ 
verter. In general, tubes containing more than three electrodes associated 
with a single electron stream are classed as muUidectrode tubes. Under 
this definition, tetrodes and pentodes may also be called mxiltielectrode 
tubes. 

Multiunit Tube. When a tube contains within one envelope two or 
more groups of electrodes associated with independent electron streams, 
it is called a multiunit tube. 
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The type 80 full*wave rectifier was one of the first multiunit tubes to 
be used. It consists essentially of two half-wave rectifier units in a single 
envelope. Advancement in circuit design and the corresponding 
advancement in tube design have resulted in numerous combinations in 
the multiunit tubes. In general, the combinations are easily identified by 
the names given to the tubes, such as duplex-diode, twin-triode, duplex- 
diode-triode, diode-triode-pentode, and rectifier-beam power amplifier. 
In most cases a single cathode is used for all the units in a tube, although 
in some types separate cathodes are provided for each unit. A more 
complete listing of the combinations is available from Fig. 4-36 and from 
the chart in Appendix XV. 

An example of the multiunit tube is the 1D8-GT, which is listed as a 
diode-triode-pentode. Its name indicates that the tube contains a diode, 
a tiiode, and a pentode. The tube performs three functions, namely, the 
diode is used as a detector and automatic volume control; the triode is 
used as an a-f amplifier; and the pentode is used as a power output tube. 

4-18. New Types of Tubes. Advantages of the Newer Types of Tubes. 
The large number of tube types that have been produced are the results of 
improvements in tube design, demand for tubes requiring less space, and 
changes in style made for sales appeal. The number of tube types intro¬ 
duced for receiver circuits already exceeds 500. 

The following developments represent the major advances in tube 
engineering. 

1. The \A-volt tubes for battery-operated receivers. These tubes 
may be operated directly from a 1.5-volt dry cell. This is an improve¬ 
ment over the 2-volt tubes, which required the use of two dry cells and 
also a dropping resistor. 

2. The single-ended metal tube. This eliminates the grid cap and 
results in simplified wiring of receivers. 

3. The low heater-current tubes requiring only 150 milliamperes for the 
heater circuit. These are available for many of the 12.6-, 25-, 36-, and 
60-volt tubes. The use of these tubes in place of the 300-milliampere 
heater tyi>es cuts the power consumption in half and provides greater 
eflS.ciency in the series-connected filament circuits of the a-c/d-c sets. 

4. The GT {bantam) type tubes. These tubes provide considerable 
saving in space. 

5. The loktal base tubes. This is an octal base tube that is provided 
with a locking feature and is also known as loctal, octaiox^ or lock-in. 

6. The in-voU tubes for operating directly from the power line. 

Duplicede Type Tubes Hewing Different Bases. Because of the devel¬ 
opments in tube design, there are a number of instances in which tubes of 
inmilar electrical characteristics are duplicated in several forms of base 
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design and in difrerent dimensions. For example, the 6Q7, 6Q7-G, and 
6Q7-GT are all of the same electrical characteristics and differ only in 
their dimensions and base arrangement. The 6Q7 is of metal construc- 
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Has_ 
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CATHODE- ^ ’vx V 
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Nai GRID LEAD-- ^lIaD^^ 

Fio. 4-37.—Internal structure of an acorn pentode. (CauHesy of RCA Manufacturing Co., 

Inc.) 



4-38.—Acorn pentode and triode compared with a golf ball. {Courtesy of RCA 
Manufacturing Co., Inc.) 


tion, the 6Q7-G is of glass construction and quite large in size, and the 
6Q7-GT is of glass construction but of small size. The base of each tube 
fits the standard octal socket, and each tube has its grid terminal in the 
form of a cap at the top of the tube. 

The 6SQ7 (metal) and the 6SQ7-GT (bantam glass) have electrical 
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characteristics similar to each other and are also approximately equal to 
the GQ?, GQ7-G, and the GQ7--GT. These two tubes have their grid 
leads brought out through a pin in the base, thereby eliminating the grid 
cap. While the characteristics of the GQ7 tubes and the 6SQ7 tubes are 
enough alike to have them operate equally well in , 


most instances, they could not be interchanged with¬ 
out first rewiring the socket connections because their 
leads are not brought out in the same order. The 
arrangement of the socket connections can be deter¬ 
mined from Appendix XV or any tube manual. 

The type 75 tube has electrical characteristics 
that are also approximately the same as the 6Q7 and 
GSQ7 tubes. This tube has its grid lead brought out 
to a grid cap, and its base fits the standard 6-pin 
socket. In order to interchange these tubes it would 
be necessary first to change the sockets. 

The ever-increasing demand for smaller receivers 
has resulted in the development of smaller tubes. 
These tubes have a glass envelope and are made as a 
small tubular bulb. They are known under various 



Pig. 4-39.—Min- 


names such as dwarf, bantam, miniature, doorknob, iature type tube 
and acorn tubes. The tubes may be as small as If 


inches in height (including the base) and | inch Manufacturing Co., 
in diameter. 


4-19. Tube Bases and Socket Connections. Need for a Means of 
Identification. Because of the large number of tube types that are 
manufactured and because of the variation in the number of electrodes 
and types of tube bases used, it has become necessary to establish a 
system of identifying the socket connections and the tube electrodes with 
which they are to make contact. 

In diagrams of circuits that include tubes, it is common practice to 
show the socket connections, which in turn correspond to the connecting 
pins in the base of the tube to be used. Also, to be consistent with gen¬ 
eral practice, all references to socket connections and tube-pin numbering 
are made for bottom views of sockets and tubes. The arrangement of 
tube-base and socket designations has been standardized by the RMA 
and the two systems described below represent two methods used for 
numbering the tube pins and socket connections. 

Methods of Identifying Socket Connections. The method of numbering 
the socket or tube-base connections for the early tube types is shown in 
Fig. 4-40. In this system, the filament or heater pins of the tube and the 
corresponding holes in the socket are of a larger diameter than the others 
and are generally shown at the bottom of the diagram. The lower left- 
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hand pin is designated as number 1 and the remaining pins arc numbered 
consecutively in a clockwise direction. This designation sets up a system 
of numbering but makes no provision for identifying the various tube 
elements with these numbers. The order in which the tube elements are 
arranged varies with tube types and may best be obtained from Appendix 
XV or any suitable tube manual. 

Metal tubes and other octal base tubes all use the same ts^ie of socket, 
that is, one which provides for eight pins. The octal socket, as it is 
commonly called, has eight equally spaced holes arranged in a circle. 
All of the holes in the socket are of the same size and, in order to ensure 



Fiq. 4-40.—Tube base and socket connections, (a) Standard four-pin base, (6) stand¬ 
ard five-pin base, (c) standard six-pin base, (d) standard seven-pin base, (e) eight-pin loktal 
base, ( f) eight-pin octal base, {g) six-pin octal base, (h) miniature or button base. 


correct placement of the tube in the socket, a large center hole with an 
extra notch is provided. The socket connection to the left of the center¬ 
ing notch is designated as number 1 and the remaining connections are 
numbered consecutively up to 8. The pins in the base of the tube are 
all of equal size and are arranged in a circle. A large insulated pin, 
provided with a centering key to fit the notch in the socket, is located in 
the center of the tube base. Some tubes using octal sockets have only 
six or seven pins, while others have eight. The six or seven pin bases 
merely omit one or two of the eight pins according to the number used. 
This, however, does not alter the numbering of the socket connections, 
as may be seen from Fig. 4-40. As in the previous method, this only 
provides a system of numbering the socket connections. The order in 
which the tube elements are arranged may best be obtained from Appen¬ 
dix XY or a suitable tube manual. 
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The development of the new acom and miniature types of tubes also 
resulted in the introduction of a new means of connection for the acorn 
type and a new socket for the miniature type. The acorn tube has its 
leads brought out of the side of the tube, as shown in Figs. 4-37 and 4-38. 
The miniature tube, shown in Fig, 4-39, has a thin glass base, referred 
to as a button base, and its socket is called a button socket 

4-20. Tube T 3 rpe Numbers. The type number of a tube is intended 
to give information concerning its construction and application. The 
early tubes were numbered consecutively and their numbers had no 
particular significance. A few of these early tubes, such as the 42, 56, 
75, 78, and 80, are still used. 

The numbers assigned to the newer tubes now provide a means of 
identifying some of the tube characteristics. The tube number consists 
of at least three units. The first unit is a number, the second consists 
of one or more letters, and the third is a number. In some cases a letter 
or group of letters is added as a fourth unit. 

The first unit is used to represent the filament or heater voltage. It 
is always expressed as a whole number, and when the rated voltage con¬ 
tains a decimal value its decimal numbers are dropped. An exception 
to this is 2-volt battery tubes, which are represented by the number 1 in 
order to avoid conflict with the 2.5-volt tubes, which bear the number 2. 
Another exception is the series of tubes whose first unit designation is 7. 
Although these tubes are nominally rated at 7 volts, they are generally 
operated at 6.3 volts. 

The second unit is a letter separating the first and third units, which 
are numbers. One version of the significance of this unit is that the 
letters at the beginning of the alphabet represent amplifiers and detectors 
while letters at the end of the alphabet represent rectifiers. The number 
of tube types has increased so rapidly that double letters have to be used, 
and it has become rather difficult to attach much significance to this unit. 
When the letter S is added, as in the case of the 6SQ7, it indicates that 
the tube is single-ended, that is, one with all of its leads brought out 
through the base. The 6Q7 differs from the 6SQ7 mainly in that its grid 
lead is brought oux> to a cap at the top of the tube instead of to a pin in 
the base. 

The third unit of the numbering system appears to have at least two 
versions of its significance. One is that it represents the number of 
elements in the tube, and the second is that it represents the number of 
useful leads. 

A fourth unit has been added since the introduction of metal tubes and 
the small glass tubes. This fourth unit is a letter or group of letters and 
is used to indicate the constructional features of the tube. A three-unit 
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type number indicates a metal tube. The addition of the letter G indi¬ 
cates a standard-size glass tube of the same characteristics as the metal 
tube. The letters GT indicate a small tubular glass type of construction. 
In some tube types, the standard glass series G has been discontinued 
and the small tubular construction has been marked GT/G to indicate 
that it is to serve for both types. 

The following examples will aid in understanding the tube numbering 
system. In the designation of the 6SA7-GT tube, the first unit is repre¬ 
sented by the number 6, which indicates that the heater voltage is approx¬ 
imately 6 volts; actually it is rated at 6.3 volts. The second unit is 
represented by the letters SA, in which the letter S indicates a single- 
ended tube. The tube is used as a pentagrid-converter and in this case 
the code letter A does not bear any signiftcaiice to its application. The 
third unit is represented by the number 7, which indicates that the tube 
has either seven elements or seven useful leads or possibly both. From 
Appendix XV, or a tube manual, it can be seen that the tube has seven 
elements, namely, a cathode, five grids, and a plate. It can also be seen 
that the tube has seven leads, namely, two heaters, one cathode, three 
grids, and one plate. Thus both versions of the significance of the third 
unit may be applied to this tube. The fourth unit is i*epresented by the 
letters 6T, which indicate that the tube is of the small tubular glass type. 

In the designation of the 12SK7 tube, the first unit, 12, indicates that 
the heater voltage is approximately 12 volts; actually it is rated at 12.6 
volts. In the second unit, SK^ the letter S indicates a single-ended tube. 
The tube is classified as a triple-grid supercontrol amplifier and hence 
no significance is attached to the code letter K, The third unit, 7, indi¬ 
cates that the tube has seven useful leads, namely, two heaters, one 
cathode, three grids, and one plate. As the tube has only five elements, 
the third unit is not used to indicate the number of elements. As no 
fourth unit appears in this designation, the tube is of the metal type. 
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QUESTIONS 

What are the characteristics of a vacuum tube that make it one of the most 
import^t contributions to the fields of communication and industrial electronics? 

ir What is meant by the Edison effect? 

3. What was Dr. Fleming’s contribution to the advancement of vacuum-tube 
design? 

4. Define the following terms: (a) cathode, (6) filament, (c) heater, (d) directly 
heated pathode, (e) indirectly heated cathode. 

Explain the purpose and theory of operation of (o) the cathode, (h) the heater. 

6. Compare the operating characteristics of tungsten, thoriated tungsten, and 
oxide-coated filaments when used as directly heated (cathodes. 

What are the advantages of directly heated cathodes and where are they 
generally used? 

Explain four advantages of indirectly heated cathodes. 

ipO. (a) What is meant by a dropping resistor? (h) What is its purpose? (c) How 
is it connected in the circuit? 

10. What conditions in the heater circuit of a radio receiver make it necessary to 
connect (a) a resistor in series with the heater or filament of a tube? (b) A resistor in 
parallel with the heater or filament of a lube? 

11. How should the power rating of a resistor used in the heating circuit of a 
receiver compare with its actual power loss? 

12. Explain the purpose and the operation of jiutomatic ballast regulation. 

13. Explain the following terms: (a) plate, (6) diode, (c) duo-diode, (d) space 
charg^(c) emission current, (/) saturation current. 

K; Explain the rectifier action of a diode. 

0 16. Compare the half-wave and full-wave rectifier characteristics. 

16. Explain the following terms: (a) control grid, (6) triode, (r) grid bias. 

17. Draw the circuit diagram for a triode showing the connections for the A, B, 
and C power supplies. Indicate the direction of the electron flow on the diagram. 

18. Explain the action of the triode. 

19. Explain the action of a triode for the following conditions: (o) grid bias but no 
signal input, (6) grid bias and a varying signal input, (r) positive grid voltage. 

* 20. In the circuit of Fig. 4-13, what is the phase relation between the following 
quantities: (a) Cg an^p? (b) eg and Cp? (r) Cp and fp?^ 

21. Why shoulcfihe fixed grid bias of a tube always be greater than the maximum 
value of the input signal voltage? 

22. What are the advantages of a family of characteristic curves over the tabular 
listing of tube characteristics? 

28. Explain the difference between the static and dynamic characteristics of a 
vacuum tube. 

24. How are the static characteristics of a tube obtained? 

25. How are the dynamic characteristics of a tube obtained? 

26. (o) What is meant by a family of plate characteristic curves? (6) What is 
meant by a family of grid-plate transfer characteristic curves? 

27. What is meant by the tube constants? 

28. (a) What does the amplification factor of a tube represent? (b) How is it 
obtained? 

• 29. What factors affect the amplification factor of a tube? 

80. (a) What does the plate resistance of a tube represent? (6) How is it obtained? 
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31. What factors affect the plate resistance of a tube? 

32. (a) What does the transconductance of a tube represent? (6) How is it 
obtained? 

33. What factors affect the transconductance of a tube? 

34. What is the relation between the amplification factor, transconductance, and 
the plate resistance of a tube? 

86 . What is meant by the voltage amplification per stage? 

36. W'hat is the relation between the amplification factor of a tube and the voltage 
amplification of the stage in which it is used? 

37. What is the relation between the resistance of the plate, the resistance of the 
load, and the voltage amplification per stage? 

38. What is the relation between the transconductance of a tube and its operating 
characteristics? 

39. (o) What is a tetrode? (b) By what other names is it also known? 

40. Describe the construction and location of the s(;reen grid. 

41. (a) What is meant by interelectrodc capacitance? (6) Why is it necessary to 
keep these capacitances at a minimum? 

42. What is meant by (a) regeneration? (b) Degeneration? 

43. (a) What is the purpose of neutralizing circuits? (6) How do these circuits 
accomplish this purpose? 

44. How does the addition of a screen grid eliminate feedback? 

46. Explain four advantages of screen-grid tubes. 

46. What is meant by secondary emission? 

47. What effect does secondary emission have upon the operating characteristics 
of a tetrode? 

48. How do the amplification factor and plate resistance for tetrodes compare 
with those for triodes? 

49. Where are screen-grid tubes used? 

60. What is a pentode? 

51. Describe the construction and location of the suppressor grid. 

62. How does the addition of a suppressor grid reduce the effect of secondary 
emission? 

63. How do the characteristic curves for a pentode compare with those for a 
tetrode? 

64. How do the amplification factor and plate resistance for pentodes compare 
with those for a triode and tetrode? 

65. Where are pentodes generally used? 

66. What is a supercontrol tube? What are its constructional features? 

67. Explain the meaning of the following terms: (o) sharp cutoff, (b) remote cut¬ 
off, (c) cross modulation, (d) modulation distortion. 

68. Explain the action of the supercontrol tube. 

59. What are the advantages of variable-mu tubes and where are they generally 
used? 

60. Describe the beam power tube. 

61. In a beam power tube, what factors are responsible for its high power output 
and high efficiency? 

62. What is meant by multielectrode tubes and what are their advantages? 

63. What is meant by multiunit tubes and what are their advantages? 


64. What important developments have been made in the design of the newer type 
tubes? * 
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65. What is meant by duplicate tube types and what is their purpose? 

66. Describe’ two systems of tube-pin and socket-connection numbering. 

67. Describe the system used to designate the various types of tubes. 

PROBLEMS 

1. The tube compleme’nt of a certain radio receiver includes a 6SA7, 6D6, 6SQ7-G, 

25L6-G, and 25Z5. (a) If the heaters of the tubes are connected in series, what value 

of resistance must be connected in series with the heaters in order to operate the 
receiver on a 115-volt line? (b) What minimum wattage rating should the resistor 
have, assuming that its ventilation is restricted? 

2. A receiver with a tube complement of a 6A8, 6SK7, 6SQ7, 6V6, and 25Z6 has 
its healers connected in series and uses an additional series-connectc’d resistor in order 
that the receiver may be operated on a 115-volt line. As the current rating of the tube 
heaters are not all of the same value, it is necessary to include a shunt (parallel-con¬ 
nected) resistor, (a) Draw a circuit diagram showing the series-conni’cted resistor, 
the heaters connected in a sequence that will permit the use of a single parallel-con¬ 
nected resistor, and the parallel-connected resistor, (b) What value of series resistor 
is required? (c) What value of shunt resistor is required? {d) What minimum watt¬ 
age rating is recommended for the resistors in parts (b) and (c)? 

3. The tube heaters of a certain receiver are to be connected in parallel with one 

another and operated from a 3-volt power supply provided by batteries. The tubes 
used include three 1A4-P^s, one 1C6, one 1B5, one 30, and one 1J6-G. (a) Draw a 

circuit diagram showing the connections necessary for the series resistor, (b) What 
value resistor is required? What minimum wattage rating should the resistor have? 

4. It is desired to operate the heaters of a four-tube receiver from a power supply 
consisting of three 1.5-volt cells connected in series. The heaters are connected to 
form a parallel-series circuit consisting of a 1A7-G and a 1N5-G connected in series to 
form one of the parallel members and a 1J5-G and a 1H5-G connected in series to form 
the second parallel member, (a) Draw a circuit diagram showing the resistors and 
connections required for this circuit, (b) What is the resistance value and the recom¬ 
mended wattage rating of each resistor? 

5. A certain radio receiver has its heaters connected in parallel to a 12.6-volt 
pqwer supply. It is desired to substitute a 6SA7 for a 12SA7 in this circuit, 
(o) Draw a circuit diagram showing the resistor that must be added in order to make 
this change, (b) What value resistor is required? (c) What is the minimum wattage 
rating recommended for this resistor? 

6 . A certain radio receiver has its heaters connected in series with one another. 
It is desired to substitute a type 1A6 tube for the 1C6 tube used in the receiver, 
(a) Draw a circuit diagram showing the resistor that must be added in order to make 
this change, (b) What value resistor is required? (c) What is the minimum wattage 
rating recommended for this resistor? 

7. A certain radio receiver has all its heaters connected in series and is supplied 
by a 115-volt line. It is desired to substitute a type 6SA7 tube for a type 12SA7. 

(a) Draw a circuit diagram showing the two resistors required in order to make this 
change. (Assume that the tube being changed is the first one in the series circuit.) 

(b) What is the value of each of the resistors? (c) What is the minimum wattage rat¬ 
ing recommended for each of the resistors? 

8. A certain radio receiver has all of its heaters connected in series and is to be 

operated from a 115-volt a-c line. It is desired to substitute a type 35L6-GT tube for 
a type 50L6-GT. (a) Draw a circuit dii«ram showing the resistor that must be 
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added to the heater circuit in order to make this change. (6) Wliat value resistor is 
required? (r) What is the minimum wattage rating recommended for the resistor? 

9. The following data was obtained from a test of a type 0SF5 tiilx* oi)erated at 
its rated heater voltage. Plot the plate characteristic curves from th(‘ test data. 


Test Data — Type 6SF5 


Cbj volts 

ihy inilliampcrcs 

Ec - -1 

1 

11 

Ec -2 

20 

0.00 

0.00 

0.00 

40 

0.00 

0.00 

0.00 

60 

0.08 

0.00 

0.00 

80 

0.17 

0.00 

0.00 

100 

0.30 

0.03 

0.00 

120 

0.50 

0.11 

0.00 

140 

0.77 

0.25 

0.02 

160 

1.10 

0.40 

0.09 

180 

1.40 

0.60 

0.18 

200 

1.75 

0.90 

0.30 

220 

.... 

1.25 

0.50 

240 

• • • • 

1.60 

0.75 

260 

.... 

.... 

1.08 

280 

.... 

.... 

1.40 


10. What is the amplification factor of a type 6C5 tube operating at its rated 
heater voltage, with 200 volts on its plate, and with a grid bias of 6 volts? (Note: 
Use the curves of Fig. 4-19 for the solution of this and the following problems.) 

11. WTiat is the amplification factor of the tube used in Prob. 10 when its plate 
voltage is increased to 250 volts, the grid bias remaining at 6 volts? 

12. WTiat is the amplification factor of the tube used in Prob. 10 when its plate 
voltage is decreased to 150 volts, the grid bias remaining at 6 volts? 

18. Wliat is the amplification factor of the tube used in Prob. 10 when the grid 
bias is increased to 8 volts and the plate voltage is kept at 200 volts? 

14. What is the amplification factor of the tube used in Prob. 10 when the grid 
bias is decreased to 4 volts and the plate voltage is kept at 200 volts? 

15. What is the plate resistance of a type 6C5 tube operating at rated heater 
voltage, with 200 volts on its plate and with a grid bias of 6 volts? (Note: This is 
for the same operating condition as in Prob. 10. Use the curves of Fig. 4-19 for the 
solution of this and the following problems.) 

16. What is the plate resistance of the 6C5 tube of Prob. 15 when its plate voltage 
is increased to 250 volts, the grid bias remaining at 6 volts? 

17. What is the plate resistance of the 6C5 tube of Prob. 15 when its plate voltage 
is decreased to 150 volts, the grid bias remaining at 6 volts? 

18. What is the plate resistance of the 6C5 tube of Prob. 15 when the grid bias is 
increased to 8 volts and the plate voltage is kept at 200 volts? 

19. What is the plate resistance of the 6C5 tube of Prob. 15 when the grid bias is 
decreased to 4 volts and the plate voltage is kept at 200 volts? 
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20. What is the transconductance of a type 6C5 tube operating at its rated heater 

voltage, with 200 volts on its plate, and with a grid bias of 6 volts? (o) Find the value 
by constructing a triangle about the operating point on the grid-plate transfer charac¬ 
teristic curves of Fig. 4-21. (b) Check the answer to part (a) by use of Eq. (4-5o) and 

the answers of Probs. 10 and 15. 

21. What is the transconductance of the 6C5 tube of Prob. 20 when its plate 

voltage is increased to 250 volts, the grid bias remaining at 6 volts? (a) Find the 
value from the curves of Fig. 4-21. (6) Find the value by use of Eq. (4-5a) and the 

answers of Probs. 11 and 16. 

22. What is the transconductance of the 6C5 tube of Prob. 20 wnen its plate 

voltage is decreased to 150 volts, the grid bias remaining at 6 volts? (a) Find the 
value from the curves of Fig. 4-21. (6) Find the value by use of Eq. (4-6a) and the 

answers of Probs. 12 and 17. 

23. What is the transconductance of the 6C5 tube of Prob. 20 when the grid bias 

is increased to 8 volts and the plate voltage is kept at 200 volts? (a) Find the value 
from the curves of Fig. 4-21. (b) Find the value by use of Eq. (4-5a) and the answers 

to Probs. 13 and 18. 

24. What is the transconductance of the 6C5 tube of Prob. 20 when the grid bias 

is decreased to 4 volts and the plate voltage is kept at 200 volts? (a) Find the value 
from the curves of Fig. 4- 1. (’ ) Find the value by use of Eq. (4-5a) and the answers 

to Probs. 14 and 19. 

26. A type 6SF5 high-mu triode is operated at rated heater voltage, with 250 
volts on its plate, and a grid bias of 2 volts. Under these operating conditions the 
tube has a plate resistance of 66,000 ohms and a transconductance of 1500 micromhos. 
What is the amplification factor of the tube? 

26. A type 6SF5 high-mu triode is operated at rated heater voltage, with 100 volts 
on its plate, and a grid bias of 1 volt. Under these operating conditions the tube has 
a plate resistance of 85,000 ohms and an amplification factor of 100. What is the 
transconductance of the tube? 

27. The triode of a type 6R7 tube is operated at rated heater voltage, with 250 
volts on its plate, and a grid bias of 9 volts. Under these operating conditions the 
transconductance is 1900 micromhos and the amplification factor is 16. What is the 
plate resistance of the tube? 

* 28. A type 6C5 tube when operating at rated heater voltage, with 200 volts on its 
plate, and with a grid bias of 6 volts, has a plate resistance of 10,000 ohms and an 
amplification fa(‘.tor of 20. If the tube is used in an amplifier stage, what is the voltage 
amplification of the stage when the value of the load resistor is (a) 1500 ohms? (b) 
30,000 ohms? (r) If a 1.5-volt input signal is applied to the grid of the tube, what is 
the voltage across the load resistor for part (o)? For part (b)? 

29. The type 6C5 tube (same tube as Prob. 28) when operating at rated heater 
voltage, with 250 volts on its plate, and with a grid bias of 6 volts, has a plate resistance 
of 8000 ohms and an amplification factor of 20. If the tube is used in an amplifier 
stage, what is the voltage amplification of the stage when the value of the load resistor 
is (a) 1500 ohms? (b) 30,000 ohms? (c) If a 1.5-volt input signal is applied to the 
grid of the tube, what is the voltage across the load resistor for part (o)? For part 
(b)? 

80. The type 6C5 tube (same tube as Prob. 28) when operating at rated heater 
voltage, with 150 volts on its plate, and with a grid bias of 6 volts, has a plate resis^ 
ance of 16,000 ohms and an amplification factor of 20. If the tube is used in an ampli¬ 
fier stage, what is the voltage amplification of the stage when the value of the load 
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resistor is (a) 1500 ohms? (6) 30,000 ohms? (c) If a 1.5-volt input signal is applied 
to the grid of the tube, what is the voltage across the load resistor for part (a) ? For 
part (6)? 

31. The type 6C5 tube (same tube as Prob. 28) when operating at rated heater 
voltage, with 200 voHs on its plate, and with a grid bias of 8 volts, has a plate resist¬ 
ance of 14,000 ohms and an amplification factor of 20. If the tube is Used in an ampli¬ 
fier stage, what is the voltage amplification of the stage when the value of the load 
resistor is (a) 1500 ohms? (6) 30,000 ohms? (c) If a 1.5-volt input signal is applied 
to the grid of the tube, what is the voltage across the load resistor for part (o)? For 
part (6)? 

32. The type 6C5 tube (same tube as Prob. 28) when operating et rated heater 
voltage, with 200 volts on its plate, and with a grid bias of 4 volts, has a \ late resistance 
of 8000 ohms and an amplification factor of 18.5. If the tube is used in an amplifier 
stage, what is the voltage amplification of the stage when the value of the load resistor 
is (a) 1500 ohms? (h) 30,000 ohms? (c) If a 1.5-voli input signal is applied to the 
grid of the tube, what is the voltage across the load resistor for part (a) ? For part (6) ? 

33. A type 6K5-G tube being operated at its rated heater voltage, with 100 volts 
on its plate, and with a grid bias of 1.5 volts, is used in a stage of amplification. What 
value of load resistance is required to produce a voltage amplification of (a) 35? 
(6) 45? (Note: Obtain the values required for the solution of this problem from 
Appendix XV.) 

34. The type 6K5-G tube (same tube as Prob. 33) being operated at its rated 

heater voltage, with 250 volts on its plate, and with a grid bias of 3 volts, is used in a 
stage of amplification. What value of load resistance is required to produce a voltage 
amplification of (a) 35? (6) 45? 

36. A 2-mv signal is applied to the circuit of a type 6D6 amplifier tube that is 
being operated at its rated heater voltage, with 100 volts on the plate, with 100 volts 
on the screen grid, and with a grid bias of 3 volts. What value of load impedance is 
required to produce a 375-mv output signal? 

36. The voltage on the plate of the type CD6 tube used in Prob. 35 is increased to 
250 volts with all other operating voltages, including the input signa voltage, remain¬ 
ing the same. What value of load impedance is required to produce a 640-mv output 
signal? 



CHAPTERV 
DETECTOR CIRCUITS 

One of the functions of a radio receiver is the demodulation of a 
modulated radio wave picked up by the receiving antenna. This func¬ 
tion is called detection. In Chap. Ill, it was shown that detection 
involves two operations: (1) rectification of the modulated wave; (2) 
elimination of the radio frequency component of the modulated wave. 

6-1. Detection. Detector Action. The average value of a modulated 
radio wave for one cycle of the audio-frequency wave is zero, and therefore 
the average change of current during the same period is zero (see Fig. 
5-la). The radio-frequency waves produced during one audio-frequency 
cycle are referred to as a wave train. A modulated r-f wave consists of a 
number of consecutive wave trains, and therefore the average change of 
current of a modulated r-f wave will always be zero. If the modulated 
r-f wave is rectified, one-half of the wave is eliminated and the average 
change in current for each cycle of each wave train will no longer be zero 
(see Fig. 5-15). The changes in current will be similar to the a-f signal 
that modulates the r-f carrier wave at the transmitter. 

Because the electromechanical devices used to produce audible sound 
waves cannot respond to the rapid variations in current of an r-f wave, 
it is necessary to remove the r-f component of the demodulated a-f wave. 
The modulation envelope, formed by joining the peaks of each of the r-f 
cycles, varies in the same manner as the signal impressed upon the r-f 
carrier wave. The a-f component of the modulated wave is therefore 
represented by the a-f variations of the modulation envelope. The 
current flowing through the detector circuit will be equal to the average 
value of the current, as is illustrated in Fig. 5-16. Its variations are 
identical in all respects, except intensity, to the variations in current 
represented by the modulation envelope. 

The Vacuum Tube 05 a Detector, Because current can flow in the 
plate circuit of a vacuum tube only when the plate is positive with respect 
to the cathode, vacuum tubes can be used as rectifiers of alternating 
currents. Furthermore, as detection involves the function of rectifica¬ 
tion, vacuum tubes may be used as detectors. Because of their sensi¬ 
tivity and current handling ability, vacuum tubes are used as detectors 
in modem receivers. 
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Factors That Determine the Type of DeUctor Circuit to Be Used. There 
are numerous tubes and a variety of circuits that can be used with such 
tubes to perform the function of detection. Each circuit has particular 
advantages which may be compared with one another in regard to their 
performance. The following important factois should be taken into 
consideration when determining which tube and circuit to use: (1) 
sensitivity, (2) signal-handling ability, (3) hdelity of reproduction. No 
one detector circuit possesses a high value of all three factors, and 



jf'ia. 6-1.—Detector action, (a) Input signal voltage, (6) current through the detector. 


receivers generally incorporate the tjrpe of tube and detector circuit that 
will provide the characteristics most nearly suited to the needs of the 
particular receiver. 

The average radio receiver is used for reproducing speech and music 
as transmitted by broadcasting stations. Fidelity is a very imi}ortant 
factor in this type of receiver, and the detector circuit used should be 
capable of reproducing the sound waves with a minimum amount of 
distortion. R adio re ceivers designed for broad(^t reception employ 
high-gain amplifier cifcultsj wd hence sensTUvity is not an iinportant 
consideration. In these receivers the r-f ngnal is amplified before it 
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reaches the detector. The detector circuit used should therefore be 
capable of handling a large signal input. 

In the design of portable receivers the overall physical size is an 
important factor. In order to obtain small units, r-f amplifier circuits 
are sometimes omitted. Detector circuits used in this type of receiver 
should have a high degree of sensitivity. 

If a receiver is to be used for code reception only, the fidelity of the 
detector circuit can generally be ignored. For portable receivers of code 
signals the important factor is sensitivity. For a fixed unit, where 
sufficient amplifier circuits can be used, the main consideration is the 
power-handling ability of the detector circuit. 

6-2. Diode Detection. Action of a Simple Diode Detector, The 
simplest vacuum-tube detector circuit is obtained by using a two-element 
tube as a half-wave rectifier; its circuit diagram is shown in Fig. 6-2 



Fig. 5-2.—Simple diode detector circuit. 


When the tuning circuit consisting of the inductor and the tuning 
capacitor C 2 is in resonance with a desired input signal, an r-f voltage is 
developed across the tuned circuit. This voltage is applied as an input 
voltage to the plate-cathode circuit of the tube through the diode by-pass 
capacitor Ci and the diode load resistor R\, 

When the plate of the diode is positive, it attracts the electrons 
emitted from the cathode, and these electrons will return to the cathode 
through the external circuit consisting of the secondary winding L 2 and 
the output resistor i2i. The path taken by the electrons is indicated by 
the arrows on Fig. 5-2. 

When the potential on the plate is negative, no electrons are attracted 
to it, and therefore no current flows through the external plate circuit 
during the time that the signal voltage makes the plate negative with 
respect to the cathode. It can thus be seen that the current in the output 

resistor Ri will flow in only one direction, 

the resistor R^i serve to eliminate the^-f pulsa¬ 
tions and to increase the a-f voltage developed across the output load 
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resistor Ri. This is accomplished in the following manner. During the 
initial half of the first positive half-cycle of the applied r-f voltage, shown 
at 0-1 on Fig. 6-3, the capacitor Ci charges to the peak value indicated by 
point 1. The applied r-f voltage, continuing its cycle, then rapidly 
diminishes to zero. As the r-f voltage starts decreasing from its first 
positive peak value, the capacitor Ci starts to discharge through the load 
resistor Ri but at a very slow rate as indicated by points 1 to 3 on Fig. 
6-3. The time constant of this RC circuit is very long compared to the 



+ 

0 




(d) 




Fio. 6-3.—Waveforms illustrating the operation of a diode detector circuit, (o) Modu¬ 
lated input voltage, (6) charging and discharging of the diode capacitor, (c) voltage across 
the diode capacitor, (d) diode plate current. 


short interval required for the r-f voltage to change from the positive 
peak value at 1 to the next positive peak at 2. The Voltage on the 
capacitor, therefore, will decrease only slightly during this interval. 
Because of this capacitor action, the voltage on the cathode will be kept 
more positive than the voltage applied to the plate. When the signal 
voltage is lower than the voltage charge on the capacitor Ci, electrons 
will cease to flow in the plate circuit; hence no current will flow in the 
plate circuit during the interval 1 to 3. During the positive half of the 
second r-f cycle, current will again flow in the plate circuit when the mgnal 
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voltage exceeds the voltage at which the charge on the capacitor holds 
the cathode. The capacitor will then be charged to the peak value of the 
second positive half-cycle. This action will be repeated for each succeed¬ 
ing r-f cycle, thus causing the voltage across the capacitor to follow the 
peak values of the applied r-f voltage. The audio-freciuency modulation 
is therefore reproduced at the capacitor as indicated in Fig. 5-3c. 

The voltage across the load resistor Ri will be the same as the voltage 
across the capacitor Ci. This voltage will be a pulsating voltage repre¬ 
senting the positive half of the modulated r-f voltage, whose average value 
has been increased by the capacitor Ci. The combination of the diode, 
capacitor Ci, and resistor Ri have therefore changed the r-f signal input 
voltage to a pulsating voltage. 

The capacitor Ci is generally referred to as the r-f by-pass or r-f filter 
capacitor because its action tends to smooth out the r-f pulsations at the 
diode load resistor. The value of the capacitor is dependent on the 
frequency—the higher the frequency the smaller the amount of capaci¬ 
tance required. For ordinary broadcast reception, values of 250 /i/if or 
smaller are generally used. 

Example 5-1. A certain diode-detector circuit, similar to Hg. 5-2, uses a i-megohm 
resistor for the diode load resistance Ri and a 250-M/uf capacitor for the diode by-pass 
capacitor Ci. (a) What is the time constant of this RC circuit? (6) If the resonant 
frequency of the tuned circuit L 2 C 2 is 710 kc, what time is required for the r-f wave to 
complete one cycle? (c) IIow many times greater is the time constant of the RC cir¬ 
cuit than the time of one cycle of the r-f wave? 


Given; 

R ^ \ megohm 
C « 250 MA*f 
/ « 710 kc 


Find: 

(а) « « ? 

(б) ti = ? 
(0 


Solution: 


(a) 

{h) 

(c) 


t « RC 

. __ 

7 0.710 X 10® 

I ^ 62.5 X 10-« 


0.25 X 10® X 250 X lO-i* 
1 10 -^ 

0.710 


62.5 X 10”* second 
= 1.408 X 10”® second 


1.408 X 10”® 


44.3 times greater 


Example 5-2. The circuit of Example 5-1 also acts as a filter circuit, (a) What 
is the reactance of the capacitor to a 710-kc r-f current? (6) How does the reactance 
to the 710-kc r-f current compare with the value of the diode load resistance? (c) 
Which path will the r-f currents take? (d) What is the reactance of the capacitor to 
a 400-cycle a-f current? (e) How does the reactance to the 400-cycle a-f current 
compare with the value of the diode load resistance? (/) Which path will the a-f 
currents take? 



206 


ESSENTIALS OF RADIO 


[Art. 5-2 


Given: 

= J moj^ohm 
C = 250 nfi{ 
r-f « 710 kc 
a-f *= 400 cycles 


Solution: 


Find; 

(a) 


Xc 

JL 

Xc 

(c) path 

(d) Xc 


ih) 


- ? 
- ? 


, X Ac 
-it 


= ? 
(/) path = ? 


(a) 

(ft) 

(c) 

W) 


(e) 

(/) 


159,000 


159,000 


895 ohms 


fC 710 X 10** X 250 X 10-6 

^ = 279 {R is 279 times greater than A"c) 

Ac oyo 

The r-f currents will take the capacitor path. 


Xc 


159,000 


159,000 

fC 400 X 250 X 10-« 
Xc _ 1,590,000 
R 250,000 


1,590,000 ohms 


6.36 {Xc is 6.36 times greater than R) 

The a-f currents will take the resistor path. 

Full-wave Diode Detectors. Crystal and diode detectors are essentially 
half-wave rectifiers and do not contribute to the amplification of the 



Fig. 6-4.—Duplex-diode full-wave detector circuit. 


signal as do other methods of detection. Two diodes, or a duplex diode, 
can be connected in a detector circuit so that current will flow in either 
plate during opposite halves of each r-f signal input cycle (Fig. 5-4). 
Current will flow continually in one direction through the output resistor 
and full-wave detection is obtained. This type of circuit is seldom used, 
since its advantage generally does not justify the extra circuit complica¬ 
tions. The only advantage gained with full-wave detection is that the 
circuit may be balanced so that no carrier frequency flows to the grid of 
the tube in the following amplifier stage. Then, theoretically, no carrier 
frequency filtering is required. Figure 5-4 shows the schematic circuit 
diagram of a duplex-diode full-wave detector circuit and the paths taken 
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by the electrons flowing from the cathode to each plate during alternate 
half-cycles. 

Advantages and Disadvantages of Diode Detectors, The advantages 
of the diode detector are (1) its ability to handle large signal voltages; 
(2) its low distortion factor. These qualities are due to the linear 
characteristics of certain types of tube, as illustrated by the curves in 
Fig. 5-5. These curves show the linearity of the type 6H6, which is 
used in some detector circuits. 



0*C Volts developed by diode 

Fia. 5-5.—Average characteristics of a type 6H6 tube. Half-wave rectification, using a 

single diode. 

One disadvantage of the diode detector is that during part of the 
positive half of each r-f cycle current flows through the coil in the tuned 
circuit. This causes a loading effect on the tuned circuit and produces 
the same results as a resistance connected in scries with the tuned 
circuit. Adding resistance to a tuned circuit decreases the gain and 
selectivity of the circuit; thus the diode detector is characterized by its 
low sensitivity. 

Modern receivers generally employ one or more stages of r-f ampli¬ 
fication, and the desired selectivity and gain are obtained before the 
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signal reaches the detector circuit. The low sensitivity characteristic 
of the diode detector is therefore not of very great importance in these 
receivers. Because the diode method of detection produces less distor¬ 
tion and because it permits the use of simple automatic-volume-control 
circuits without the necessity of an additional voltage supply, the diode 
method of detection is used widely in broadcast receivers. Several 
t 3 rpical diode-detector circuits are shown in Fig. 5-6. 



Fio. 6-6.—Diode-detector circuits, (o) Diode circuit with filter, (6) diode circuit with 
provision for obtaining voltage for automatic-volume-control. 

Practical Diode-detector Circuits. Simple diode tubes are seldom used 
for practical detector circuits. In some circuits a triode is used, in which 
case the grid and plate are connected together externally to form a diode. 
Two such circuits are shown in Fig. 5-6. In superheterodyne receivers, 
an adjustable capacitor Ci is generally used in the tuned circuit, as the 
intermediate frequency input is kept steady at some value, such kc. 

Practical detector circuits require a filter to prevent the r-f voltages 
from reaching the output. Such a filter circuit is shown in fig. 6-6 and 
consists of the resistor Ri and the capacitor C». In Kg. b-GOj tha.^gde 
lo gd r^ stan ce consists o lthfi-gaHLof .Ri the output, however, is 

taken ^^rOT[^C~WhUe capacitor C iindil by-pass most of the r-f current, 
tfieoir^putfiiter capacitor Ct is added to by-pass any r-f current from 
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that may have entered into tlie Ri path. In Fig. 5-66, the diode load 
resistaniie consists of Hi and It 3 . The capacdtors C’l and Cs serve the 
same purpose as in the circuit of Fig. 6 - 60 . The capacitor Ct is used as a 
coupling capacitor and also serves to block the d-c component from the 
output circuit. In these circuits, the capacitance of Ci and Cs are gen¬ 
erally equal. In the circuit of Fig. 5-6a, the value of is generally 
several times the value of /?,. In the circuit of Fig. 5-66, the value of R» 
is generally several times the value of /?,. The r-f filter, however, has a 
disadvantage in that it reduc.es the useful rectified output by the amount 
of the voltage drop at 7?j. 


Example 5-3. The circuit (‘lemonts shown in Fig. 5-6tt have the following values: 
/^l =* 50,000 ohms, Hz = 250,000 ohms, Ci = 100 /x^f, C 3 = 100 nnf. (a) What 
impedance does the capacitor Ci offer to a 456-kc i-f current? ( 6 ) Which path will 
the i-f current take? (c) Will any of the i-f current flow into the Ri path^ (d) What 
impedance does the capacitor C 3 offer to any 456-kc i-f current? (e) What purpose 
does C 3 serve? (/) Neglecting the effect of the capacitors Ci and Cg, what per cent 
of the a-f voltage developed across Ri and Rz is available at the output terminals? 


Given: 

Find: 

Ri — 50,000 ohms 

11 

Rz = 250,000 ohms 

(b) path = ? 

Cl * 100 MMf 

id) Xcz - ? 

Cs =* 100 /i/xf 

(/) Per cent — ? 


i-f « 456 kc 

Solution: 


(a) Xci 


159,000 


159,000 


3486 ohms 


fC 456 X 10^ X 100 X10-« 

(5) The i-f current will take the capacitor path. 

(c) Yes. A small amount. 

(d) Same as (a). Xa = 3486 ohms 

(e) Provides a low impedance path for any i-f current that was not by-passed by the 
capacitor Ci, 

iafR2 


(/) % a-f voltage at Rz 


iaf{R\ -h R^ 


X 100 


Because the current is the same in both the numerator and the denominator, then 


Per cent E 


Ri 

Ri “h Rz 


X 100 


250,000 

50,000 -f- 250,000 


X 100 


83.3 per cent 


Use of MuUiunit Tubes as Diode Detectors. In modern receivers, it is 
general practice to use a multiunit tube such as a duplex-diode-triode as 
a detector and amplifier. The two diodes are usually connected together 
to form a simple diode that is used as a half-wave detector. The triode 
is used to amplify the signal after it has been rectified. Two typical 
circuits using a duplex-diode-triode are shown in Fig. 5-7. In these 
circuits, Ri is the diode load resistor. The bias voltage for the triode 
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section is obtained by the cathode bias resistor Rs, The by-pass capaci¬ 
tor C 3 is used to keep the a-f current out of the bias resistor The 
manner in which this is accomplished will be discussed in a later part of 
this chapter. The function of the capacitor C 4 is to block the d-c bias of 
the cathode from the grid. The function of the capacitor C 5 is to by-pass 
any r-f current from the grid circuit to the cathode and thus prevent any 
r-f voltage from reaching the grid of the tube. 



Fig. 5-7.—Diode-detector circuits using duplcx-diode-triodes. (a) Using cathode 
bias (resistor Rs) for triode section, (b) using diode bias (portion of the diode load resistor /Ji) 
for the triode section of the tube. 

6-3. Plate Detection. Theory of Plate Detection. Plate detection 
makes use of the cutoff characteristics of a tube to accomplish the neces¬ 
sary rectification. The rectification takes place in the plate circuit of 
the tube, and therefore this type of circuit is known as plate detection. 
The grid is biased almost to cutoff, that is, it is operated so that practi¬ 
cally no current flows in the plate circuit when the signal applied to the 
grid is zero. A C-battery was formerly used to obtain the necessary grid 
bias and because of this the plate detector is also known as a C-bias 
detector y or simply a bias detector. It is also referred to as a grid-^ias 
detector. 

Theoretical Operating Points of a Bias Detector, In the study of the 
characteristics of vacuum tubes, it will be found that two bends occur in 
the grid-plate transfer characteristic curves of some types of tubes. 
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'Operating conditions of a plate-detector circuit, (a) Operation at the upper bend of the eeih curve, (5) operation at the 

lower bend of the eeih curve. 
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While an upper bend will theoretically occur in all types of tubes, in 
practice it can be obtained only with tubes employing a tungsten cathode. 
Because of the copious emission of electrons from oxide-coated cathodes, 
the upper bend is difficult to obtain with tubes using this type of cathode. 

With tubes employing a tungsten cathode, the upper bend occurs at 
some value of positive grid voltage and the lower bend at some value of 
negative grid voltage. With the correct value of positive grid voltage 
a tube can be made to operate at the positive bend of its curve, point B 


La 






Fig. 5-9. —Plate-detector circuits, (a) Grid bias obtained by use of a C battery, 
(&) grid bias obtained by use of a cathode resistor, (c) grid bias obtained by use of a cathode 
resistor. 


in Fig. 5-8. If a tube is operated at or near this point, it can be seen that 
it will act as a rectifier. Each positive half of the input signal is practi¬ 
cally eliminated, and the unidirectional current flowing in the plate 
circuit varies in the same manner as the negative halves of the input 
signal. With the correct value of negative grid voltage, a tube can be 
made to operate at the negative bend of its curve, point A in Fig. 5-8. 
If a tube is operated at or near this point, it can be seen that it too will act 
as a rectifier. Each negative half of the input signal is practically elimi¬ 
nated, and the unidirectional current flowing in the plate circuit varies in 
the same manner as the positive halves of the input signal. 
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tion of the modulated input signal voltage the resulting output is said 
to be distorted. 

If the value of the negative grid voltage is too small, the tube will be 
operated before cutoff. If the tube is operated under this condition, a 
portion of .each negative half-cycle will appear in the output (Fig. 5-lOc). 
The rectification is therefore not complete and the resulting output will 
be distorted. 

R-F Filter Circuits. The output of the detector tube is a unidirec¬ 
tional current whose strength is varying in accordance with the modulated 
radio frequency (Fig. S-lb). A filter circuit is necessary to separate the 
audio-frequency and radio-frequency components of the rectified wave. 
In order to accomplish this, an r-f by-pass capacitor (Fig. 2-21) is con¬ 
nected between the plate and cathode. This capacitor acts as a filter and 
smooths out the high-frequency variations in the output or plate circuit. 
As inductance tends to oppose changes in current flow, an r-f choke coil 
(Fig. 2-13) is usually connected in the plate circuit to aid the filter action 
of the r-f by-pass capacitor. Many modem receivers use two capacitors 
connected to the r-f plate choke coil in order to form a more efficient 
filter circuit. This circuit is called a Iow~pass T-type filter circuit and is 
shown in Fig. 5-9c. 


Example 5-4. The r-f filter circuit of Fig. 5-96 has a 500-MMf capacitor at Ci and 
an 80-mh choke at Lz, (a) What impedance does the capacitor offer to a 456-kc i-f 
current? (6) What impedance does the choke offer to a 456-kc i-f current? (c) 
What impedance does the capacitor offer to a 500-cycle a-f current? (d) What 
impedance does the choke offer to a 500-cycle a-f current? (e) Which path will the 
i-f currents take? (/) Which path will the a-f currents take? 


Given: 

C ~ 500 nfjf 
L 80 mh 
/ « 456 kc 


Solution: 


Find: 

(o) Z = ? 

(6) Z « ? 

(c) Z « ? 
id) Z 

(e) path of i-f? 
(/) path of a-f? 


(а) 

( б ) 

(c) 

(d) 

ie) 

if) 


„ 159,000 169,000 

^ ^ fC * 456 X 10« X 500 X lO^® 

Z » 2irfL « 2 X 3.14 X 456 X 10® X 80 X 10“® « 239,094 ohms 
169,000 169,000 

fC “ 500 X 600 X 10-« 

Z « 2ir/L « 2 X 3.14 X 600 X 80 X 10*“® - 251.2 ohms 
The i-f currents will take the capacitor path 
The a-f currents will take the inductor path 


Z 


697 ohms 


636,000 ohms 


Plate Load. The plate circuit contains a loading device through which 
the plate current will flow. The modulated voltage developed across 



Abt. 5 - 3 ] 


DETECTOR CIRCUITS 


215 


this device will be equal to the product of the plate current and the 
impedance of the output load. The plate load may be a resistor, primary 
of a transformer, audio choke coil, earphones, loudspeaker, or some other 
device. 

Amount of Grid Bias Required, Plate detectors are comparatively 
insensitive to weak signals, have a high distortion factor, and are capable 
of handling large signal voltages. As it is desirable to avoid driving the 
grid positive, the largest signal voltage that can be applied to the grid of 
a tube should not be greater than the value of the grid bias that is used. 

When a signal is applied to the grid, the amount of voltage at the grid 
will depend upon the value of the grid bias and the input signal voltage. 
In other words, the value of the grid bias will be increased during the 
negative halves of the input signal and decreased during the positive 
halves. The upper and lower values of the grid bias indicate the range 
of the grid voltage, which is generally referred to as the grid-voltage swing. 
These values may be expressed mathematically as 

Be 

Cc-min Be '"1" 

where ec = instantaneous total grid voltage, volts 

Ec = average or quiescent value of grid voltage, volts 

Eg.jnmx = maximum value of varying component of grid voltage, volts 

Example 5-5. A tube is operated with a grid bias of nine volts. What is the grid- 
voltage swing when an a-c signal is applied to the input circuit if the maximum value 
of the signal voltage is (a) 6 volts? (5) 9 volts? (c) 10 volts? 

Given: 

“ 9 volts 

(o) Eg. mm.^ — 6 VOltS 

lb) Eg.wmx = 9 volts 

(c) Eg-ioax “ 10 volts 

Solution: 

(o) ^ Ec - Eg,mMX « -9 - 6 = -15 VOltS 

ec.mm « + Eg.nmx = -9 -f- 6 = -3 VoltS 

(5) « JS?e - Eg.u^^ « -9 - 9 = -18 volts 

eemin « -Se 4- Eg.mmx « -9+9=0 VOltS 

(c) ec.m« « - Eg,wMx « -9 - 10 = -19 volts 

ecn^in ^Eo + Eg,m»x « -9 + 10 = +1 VOlt 

The factors that determine the eflSciency of rectification of a plate 
detector are the grid bias, plate voltage, and signal voltage. The value 
of grid bias to be used will depend on the plate voltage and the tube used. 
Different types of tubes require different values of grid bias to produce 
cutoff for similar plate voltages. These values can be obtained from 



(5-1) 

(5-2) 
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Appendix XV or from the grid-plate transfer chaiacteristic curves in 
standard tube manuals. The value of the grid bias used will determine 
the amount of signal voltage that can be applied to the tube without 
causing distortion of the signal in the outi)ut circuit. 

Example 5-6. A type 6C5 tube (triodo) is used iis a grid-bias detector and is 
operated with 250 volts on its plate, (o) What grid voltage is rec^ommended for 
these operating conditions? (6) What is the greatest amount of signal voltage that 
can be applied to the input circuit without causing distortion? 

Given: Find: 

Tube = 6C5 (a) Ec « ? 

Eh « 250 volts (5) Maximum input volts? 

Solution: 

(a) From Appendix XV (or standard tube manual) Ee — —17 volts 
(h) In order to avoid distortion, the grid should never bo driven positive, therefore 
the maximum input signal should not exceed 17 volts. 

6-4. Automatic Grid Bias. Methods of Obtaining the Required Amount 
of Grid Bias. It has previously been explained that the value of negative 
grid voltage at which a tube operates is called the grid bias. In the early 
stages of radio, this bias was obtained by means of a separate power 
supply such a^ a C battery (Fig. 5-9a) or from the voltage divider in the 
power supply. The grid bias for the various tubes in a receiver can also 
be obtained by causing the plate current to flow through a resistor. 
This resistor is placed in the cathode circuit and is called the cathode bias 
resistor (Fig. 2-1). It has been used in the detector circuits explained 
in the previous articles. The manner in which the cathode bias resistor 
produces the correct value of grid bias will now be presented in detail. 

Obtaining Grid Bias by Use of a Cathode Bias Resistor. In the circuit 
shown in Fig. 5-11, the grid bias for the 6J6 tube is obtained by placing 
the resistance Ru between the cathode and the negative side of the 
B supply, or ground. In order to obtain this automatic grid bias, the 
d-c component of the plate current is made to return to the cathode 
through the resistor Rk. The voltage drop across this resistor, therefore, 
is determined by the value of its resistance and the amount of current 
flowing through it. The value of resistance required can be obtained by 
applying Ohm's law. 

^ (6-3) 

where — value of cathode bias resistance, ohms 
E, — grid bias, volts 

h == average or quiescent value of plate current, amperes 
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From Pig. 5-11, it can be seen that point A will be negative with 
respect to the cathode. The grid, being connected to point A through 
the secondary of the input transformer, will therefore also be negative 
with respect to the cathode, and its potential will be equal to the voltage 
drop across the cathode bias resistor jB*. 

The grid-bias voltage furnished by the cathode bias resistor is depend¬ 
ent on the amount of plate current, which in turn is dependent on the 
value of plate voltage used. If the plate voltage is increased, the plate 
current will increase and the amount of grid bias furnished by the cathode 
bias resistor will increase accordingly. In a similar manner, if the plate 
voltage is decreased, the plate current will decrease and the amount of 
grid bias furnished by the cathode bias resistor will decrease accordingly. 
Therefore, the correct value of grid-bias voltage is automatically main- 



Fig. 6-11.—Method of obtaining grid bias by use of a cathode bias resistor. 


tained regardless of changes in plate voltage. For this reason, this 
method of obtaining the grid-bias voltage is referred to as the automatic 
or self-hiasing method, 

A-f By-pass Capacitor. The cathode bias resistor must be shunted 
by a large capacitor in order to by-pass the a-c component of the plate 
current, which otherwise would cause the voltage across the grid circuit 
to vary continually. The value of this capacitor should be one micro¬ 
farad or larger. In Fig. 6-9 this capacitor is indicated as C 3 , while in 
Fig. 5-11 it appears as Ci. 

Example 5-7. A type 6J7 tube, used as a self-biased detector, is to be operated 
with 250 volts applied to its plate and 100 volts on its screen grid. The plate current 
is to be adjusted to 0.43 milliampere when the input signal is zero, (a) What value of 
cathode bias resistor is necessary for these conditions? (6) How much power is 
consumed by this resistor? (c) What power rating should the resistor have? 

Given: Find: 

Eb * 250 volts (a) Rk « ? 

Eel « 100 volts (6) P * ? 

h *» 0.43 ma (c) Rating? 
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Solution: 

(a) For these operating conditions, Ee = —4.3 volts (from Appendix XV or a 
standard tube manual) 

(b) P « Ib^Rk * (0.00043)2 X 10,000 « 0.1849 watt 

(c) A i-watt resistor should be used. 

Example 5-8. The cathode bias resistor of the tube used in Example 5-7 was 
found to be 10,000 ohms, (a) What value of by-pass capacitor should be used with 
this resistor if it is desired that the resistor offer at least 100 times more impedance to 
a 500-cyclc a-f current than the capacitor? (b) What standard rating and type of 
capacitor is recommended for this application? 

Given: Find: 

Rk = 10,000 ohms (a) C ^ ? 

f = 500 cycles (b) Rating, type? 

Solution: 


(а) 

( б ) 


Xc = = 100 ohms (maximum) 


159,000 159,000 o r / • • ^ 

^=-lXr^ BoOlTlOd = (mmunum) 

A 4-Mf, 25-volt, electrolytic capacitor. 


Plate, Grid, and B-supply Voltages, In Fig. 5-11, it should be observed 
that the voltage of the B supply must be equal to the sum of the plate 
voltage and the voltage drop at the cathode bias resistor. In this case 
it is equal to 250 volts plus 8 volts, or 258 volts. It is assumed that there 
is no drop in voltage at the load impedance, which may be the primary 
of a transformer, a loudspeaker, or other device having a negligible d-c 
resistance. Plate voltages are measured between cathode and plate 
terminals and grid voltages are measured between grid and cathode 
terminals. The d-c resistance of the input tuning coil L 2 is negligible 
and therefore its voltage drop can be disregarded. 

6 -6. Grid Detection. Grid Resistor’-capadtor Detector Circuits. The 
most sensitive type of detector, circuit is the grid detector, sometimes 
calledT the grid-rectification detector or the grid-leak detector. Because of 
its high sensitivity, this circuit was frequently used in the earlier stages of 
radio design. The development of the screen-grid tube made it possible 
to amplify the r-f signal without producing distortion. Sensitivity then 
no longer remained an important factor, for the signal could now be 
increased a sufficient amount before it reached the detector circuit. This 
type of detector circuit is therefore seldom used in modern receivers 
designed for broadcast reception. 

Three grid-detection circuits are shown in Fig. 5-12. The output of 
these circuits is similar to the circuits for the diode and plate detectors 
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already studied. In the circuit shown in Fig. 5-12a a triode is used, and 
the grid capacitor Cg is connected in parallel with the grid resistor Rg. 
This combination is connected between the grid of the tube and one side 
of the secondary of the input transformer. In the circuit shown in Fig. 
5-126 a triode is again used; the grid capacitor is connected as before, but 
the grid resistor is now connected from the grid side of the capacitor to 
the cathode. In the circuit shown in Fig. 5-12c a pentode is used. The 



Fig. 6-12.—Grid-leak detector circuits, (a) Grid resistor connected in the grid side 
of the grid circuit, (h) grid resistor connected from the grid of the tube to the cathode, 
(c) grid resistor connected in the cathode side of the grid circuit. 

grid resistor and grid capacitor are connected in the cathode side of the 
grid circuit instead of the grid side as in Fig. 5-12a. 

Principle of Grid Detection. The principle of detector operation is the 
same for all three circuits. The grid resistor Rg and the capacitor Cg 
form an impedance that corresponds to the load impedance Ci and of 
the diode detector (Fig. 5-2). The grid circuit, consisting of the source 
of input signal voltage, the grid^ffiSiSFeit^hode the tube, and the resistor- 
.^capaeitor comKnation RgCg, operates as a half-wave rectifier in the same 
manner as a diode detector. 

^^^ircuit Action. Ih grid-circuit detection, a triode is used simulta¬ 
neously as a diode detector and a triode amplifier. The grid and cathode 
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of the triodo operate as a diode detector and at the same time serve as the 
input eiieuit of the triode amplifier. Because of this simultaneous dual 
operation of the grid, the circuit action of grid detection becomes complex. 
To understand the operation of this type of detection it is therefore 
necessary to study the instantaneous action of the grid both as a plate 
for the diode detector and as a grid for the triode amplifier. 

When the signal input is zero, the voltages on the grid and the cathode 
are the same, that is, zero. The voltage on the plate will cause a steady 
stream of electrons to flow from the cathode to the plate. As the giid is 
in the path of this electron flow, some of the electrons will strike it, thus 
making the grid negative with respect to the cathode. The giid capaci¬ 
tor Cg (Fig. 5-12a) becomes charged, plate A negatively and plate B 
positively. This charge remains on the capacitor and the resultant 
current flowing through the grid resistor Rg causes a constant bias to be 
maintained on the grid. The amount of current flowing through the 
grid resistor is very small, therefore the voltage drop across it is also very 
small, generally only a fraction of a volt. Consequently, when the tube 
is considered as a triode amplifier, it will have a small amount of grid bias. 

During the positive half-cycles of the modulated r-f input signal, 
additional current will floK^ through the grid resistor. This increase in 
grid current increases the voltage drop across the grid resistor, thus 
increasing the grid bias. The cuqpit flowing in the plate circuit will 
therefore decrease. As the value of the modulated r-f signal voltage is 
varied with succeeding r-f cycles, the voltage drop across the grid resistor 
will vary accordingly. The plate current is dependent on the amount of 
grid bias and therefore the current in the plate circuit will decrease in 
the same manner as the voltage drop across the grid resistor, 

The shift in grid bias and the resulting plate current flow is shown in Fig. 
5-13. 

The grid capacitor has a low value of capacitance and will pass the 
high-frequency signal input^ The current is rectified by means of the 
diode-detector action of the grid and cathode. The rectified signal 
current will then flow through the grid resistor, thus causing a voltage to 
be developed across it. This voltage is applied to the input (grid- 
cathode) circuit of the tube which may then be considered as operating 
as an amplifier. The various stages of grid-circuit detection are shown in 
Fig. 5-13. 

Summary of Grid’-drcuit Detection, The action of grid-circuit detec¬ 
tion may be summarized as follows: (1) the small flow of electrons in the 
grid circuit develops a voltage across the grid resistor, thus causing the 
tube to operate with a negative grid voltage (grid bias) equal to this 
voltage drop; (2) the modulated r-f signal input current is rectified by 
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the diode-detector action of the grid and cathode; (3) the rectified r-f 
current flows through the grid resistor, thus developing a voltage across 
it, and this voltage increases the negative bias on the grid and decreases 
the plate-current flow; (4) the tube amplifies the rectified r-f pulsations. 
Filter Circuit The plate current, being dependent on the grid bias, 
will vary in the same manner as the variations in grid voltage. In grid- 



Fig. 6-13.—Plate circuit operating characteristics of a grid-leak detector. 


detector circuits, the grid operates with a negative voltage that varies at 
radio frequencies, and consequently the plate current will vary in the 
same manner, see Fig. 5-13a. JJi e . fi l ter oim ut, consisting of “the capaci- - 
t.nra <7., and the r-f nhoke.I»«-(Kg.-&-13a},-waH5mo0th out the high- 
frequency variations, and the output of the filter will be a unidirectional 
curreni varying at an audio frequency similar to the average plate current 
indicated on Fig. 5-13a. Because rectification is accomplished in the 
grid circuit, this type of detection is also known as grid-circuit rectificcdion. 
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Operating Voltage of Orid Detectors. In analyzing the operation of 
the grid-circuit detector its two functions can be considered separately. 
The detector or grid-cathode circuit may be analyzed from inspection 
of the grid characteristic curves in Fig. 5-14. This illustration indicates 
that the curved portion of the curve is used and hence rectification or 
detection is accomplished. The amplifying action involves the grid, 


Average 

gn'd 

currertl 



- 0 . + 

Inpuf signal 

Fio. 6-14.—Grid circuit operating characteristics of a grid-leak detector. 


plate, and cathode, and may be analyzed from examination of the grid- 
plate transfer characteristic curve. As grid-circuit detectors operate 
with practically zero grid bias, the oi>erating point on the grid-plate 
transfer characteristic curve is determined by the plate voltage. In 
order to obtain the maximum amount of amplification with a minimum 
amount of distortion, the operating point as an amplifier should be as 
near as possible to the middle point of the straight portion of the curve, 
point C in Fig. 5-8. The relation between the operating point and the 
amplification will be discussed in detail in Chaps. VII and VIII. 
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Characteristics of Grid Detection, The current in the grid circuit of a 
grid detector does not vary in the same proportion as the variations of 
the input signal voltage. Figure 5-14 shows a typical grid characteristic 
curve. Because of the small grid bias, the tube will operate on the curved 
portion of the curve. Under this condition, the variation in grid current 
is practically proportional to the square of the grid-voltage variations. 
Because of this, grid-circuit detectors are often referred to as square-law 
detectors. Because of the square-law variation, the strength of the input 
signal will be increased but it will also be distorted. Grid detection is 
therefore characterized by its high distortion factor and high sensitivity. 

6-6. Power Detection. In the early stages of radio development the 
power-handling ability of the tubes used for detector circuits was limited 
and therefore the input signal could not be amplified extensively before it 
reached the detector without producing distortion of the output signal. 
Because of feedback in the tube and circuit, it was impossible to produce 
any great amount of amplification in a radio-frequency stage because the 
three-electrode tubes used at that time would oscillate when the input 
signal voltage became too large. This made it necessary to use one or 
more stages of audio-frequency amplification in order to obtain the desired 
volume. The a-f amplifiers, however, did not provide a perfect solution 
to the problem, since, in addition to amplifying the desired signal, they 
also amplified the undesired static noises. 

Power Detectors, The screen-grid tube made it possible to construct 
high-gain r-f amplifier circuits without producing oscillation. Improve¬ 
ments in tube design also increased the power-handling ability of the 
detector tubes. Modern receivers use multiple stages of high-gain 
amplifier circuits and a number of tuned circuits before the detector in 
order to obtain the desired gain and selectivity. The detector circuit 
used in these receivers must be capable of handling large signal voltages 
without producing distortion. This type of detector circuit is called a 
power detector and may be either a grid-circuit or plate-circuit detector. 

It has previously been mentioned that the voltage of the input signal 
should never drive the grid voltage of plate detectors positive. There¬ 
fore, the power-handling ability of a plate detector is determined by the 
amount of grid bias used. In grid-circuit detection, the amount of 
signal voltage that can be applied to the input circuit of the tube without 
producing distortion in its amplifying action is determined by the amount 
of voltage required to operate the tube as an amplifier on the straight 
portion of its grid-plate transfer characteristic curve. The input signal 
voltage of power detectors is generally greater than one volt. 

Gridr and Plate-circuit Power Detectors. The operating voltages and 
external circuits for power detectors are different from those used iot 
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detectors having a weak signal input. For grid-circuit detection, the 
plate voltage is generally very high and the value of grid capacitor and 
grid resistor is lower than that used in detectors having a weak signal 
input. In plate-circuit rectification, the tube is operated with a liigh 
grid bias. This negative grid voltage is approximately one-tenth of the 
voltage applied to the plate. A grid-circuit power detector is shown in 
Fig. 5-15a. With zero signal input, the plate current would be very high 
because the tube is operating with a zero grid bias. In order to keep the 
plate current at a safe value, the plate voltage is reduced by means of the 



W 

Fig. 6-16.—Power-detector circuits, (a) Grid-circuit power detector, (6) plate-circuit 

power detector. 


resistor Ri. When an input signal is applied, the grid becomes negative, 
thus lowering the plate current. This decrease in plate current lowers 
the voltage drop across Ri and restores the plate voltage to normal. 
A plate-circuit power detector is shown in Fig. 5-156. The values of grid 
bias and screen-grid voltage to be used are determined by the plate 
voltage and the resistance of the plate circuit. In general, it is desirable 
to use as high a plate voltage as is practical in order to produce a high 
degree of amplification. 

Heterod 3 nie Detection. Detection of Continuoue-wave Code 
Sign^. Code signals are generally transmitted by interrup ting the 
carrier wave at definite intervals, corresponding to the dits and Hnhn 
(dots and dashes) of the Morse code. During the periods of time when 
a dit or dah is being transmitted, an r-f signal of constant amplitude is 
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being sent out. This method of transmission is commonly referred to 
as continuous-wave or c-w transmission. 

If a c-w signal is applied to any of the detector circuits previously 
described, rectification of the r-f wave will take place, and a series of 
interrupted currents whose average values will be of constant amplitude 
will appear at the output side of the detector circuit. If this output 
current is applied to earphones or a loudspeaker, the only sound it can 



Fig. 6-16.—Illustration of the heterodyne action resulting when two waves of unequal 
amplitude and frequency are combined. 

produce is a click, which may occur at the start and finish of each dit or 
dah. In order to reproduce signals similar to those sent out by the 
transmitter, a new method called heterodyne detection is introduced. 

Prindple of Heterodyne Action. Heterodyne action is the result of 
combining two alternating voltages of different frequencies in a common 
detector in order to obtain a signal voltage of a third value of frequency. 
The envelope of the resultant wave will vary in amplitude at a frequency 
that is equal to the difference between the frequencies of the two signal 
voltages that are being combined. The range of the amplitude swing of 
the new voltage is determined by the sum and difference of the two 
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voltages being combined. Figure 5-16 shows two signal waves, A and 
By and the resultant voltage wave C, The frequency of signal .4 is 8 
cycles per second and that of signal B is 12 cycles per second; the envelope 
of the resultant wave has a frequency of 12 minus 8, or 4 cycles per second. 
The maximum voltage of signal A is 2 volts and that of B is 4 volts. 
The envelope of the resultant wave will therefore vary in voltage from 
Eb minus Ea to Eb plus Ea. In this case, it will vary from 4 minus 2 to 
4 plus 2, or from 2 to 6 volts. 

These results are obtained when two waves are combined in a non¬ 
linear circuit. The amplitude of the resultant wave will be equal to the 
algebraic sum of the instantaneous values of the two waves being com¬ 
bined. At some instants the two waves will be of similar polarity and 
the two voltages will be added. At other instants they will be of opposite 
polarity and the two voltages must be subtracted. For the two voltage 
waves A and B of Fig. 5-16 the resultant wave will have a maximum 
value of Eb plus Ea occurring at the instants Tb, Td, Tf, Thj and a 
minimum value of Eb minus Ea occurring at the instants 7 a, Tc, Te, 
Ta^ 

The values of frequency and voltage used in this discussion to explain 
heterodyne action are not practical values but were chosen to provide an 
easier means of illustration, as shown in Fig. 5-16. This same action, 
however, holds for signals of higher frequencies and different voltages 
such as are found in the r-f circuits of receivers. 

Beat Frequency. The frequency at which the amplitude of the result¬ 
ant wave varies is called the heat frequency j or difference frequency. The 
process of producing these beats by combining two waves of different 
frequencies in a nonlinear circuit is called heterodyning. The average 
value of the rectified heterodyne signal will vary in amplitude at the beat 
frequency. The frequency of an a-c wave can therefore be changed by 
heterodyne action. This action has a number of applications in the field 
of radio communications. An inaudible c-w signal can be made audible 
by combining it with another wave and producing a beat frequency that 
lies within the audible sound range. This is known as heterodyne code 
reception. In this type of reception, the incoming signal is usually com¬ 
bined with a frequency of such a value that the beat frequency produced 
will be approximately 1000 cycles. 

Intermediaieffrequency Amplifiers. Another use of heterodyne action 
is to convert the frequency of an input signal to a dei^nite intermediate 
frequency. Amplification of the si^al can thus be made more efficient 
as the amplifiers can then be designed for a definite frequency. In this 
method, the i-f signal is adjusted to the frequency for which the amplifier 
is designed instead of the amplifier being made to amplify signals over a 
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wide range of frequencies. Superheterodyne receivers use this principle 
in the intermediate-frequency amplifier stages. The theory and con¬ 
struction of i-f amplifiers will be taken up in Chaps. VII and XIV. 

Heterodyne-detector Circuits. A simple heterodyne-detector circuit 
is shown in Fig. 5-17. This circuit contains two fundamental parts, one 
a plate detector and the other a tuned-grid oscillator. The oscillator 
circuit, the theory of which is described in Chap. X, is adjusted to a 
frequency slightly above or below the frequency of the input signal. 
The current in the plate circuit of the oscillator is made to flowthrough 

R-Fchoke 





Tuned 

grid 

oscif/afor 


S99kcor€Olkc B- 
Fig. 5-17.—Simple heterodyne-detector circuit. 

the coil Ls, which is inductively coupled to the coil L 2 in the grid circuit 
of the plate detector Ti. In this manner, both the input signal from the 
coil Li and the oscillator output from the coil Lz are applied to the grid 
of the plate detector. As a result of the heterodyne action that takes 
place when two alternating voltages are combined, the output of the 
detector circuit will be an alternating voltage whose frequency is equal 
to the difference of the input voltages, or the beat frequency. 

Example 6-9. A c-w signal is transmitted at a frequency of 600 kc. To what 
frequency must the oscillator circuit of a receiver be adjusted if the receiver is to 
produce a 1000-cycle audio signal from the received signal? 

Given: " Find: 

“■ 600 kc /o» •* f 

- 1 kc 

-/.-w ± /... = 600 ± 1 - 601 or 599 kc 



Solution: 
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Whether the oscillator frequency is higher or lower than the frequency 
of the c-w signal is not important, as it is the difference between the two 
frequencies that determines the frequency of modulation or beat fre¬ 
quency. A more efficient method, which uses a single tube for both the 
detector and oscillator, is generally used in small receivers. This type 
of detector circuit is called an autodyne detector and is taken up in a later 
part of this chapter. The energy of the oscillator can be transferred to 
the detector by coupling the oscillator to the plate circuit of the detector 
instead of to the grid circuit. Also, the method used to couple these two 
circuits can be capacitive as well as inductive, as was used in the circuit 
shown in Fig. 5-17. 

6-8. Regenerative Detectors. Principle of Regenerative Detection. 
The output of any detector circuit will vary with the signal voltage 
impressed on the grid of the tube. If the resistance of the resonant grid 
circuit is lowered, the circuit Q will increase, thereby increasing the input 
signal applied to the grid of the tube. The ratio between the input 
signal applied to the grid and the input signal received is increased, thus 
increasing the sensitivity of the detector circuit. 

The same effect can be obtained by returning part of the energy of 
the plate circuit to the grid circuit. If this feedback is of the proper 
phase relation, the input voltage on the grid will be increased. This will 
increase the ratio between the input voltage applied to the grid and the 
output voltage across the load, thus increasing the sensitivity of the cir¬ 
cuit. This is the principle of the regenerative detector. Figure 5-18 
shows the schematic diagrams of two typical regenerative detector 
circuits. From these two diagrams, it can be seen that the basic circuit 
of the regenerative detector is somewhat similar to the tuned-grid oscil¬ 
lator section of Fig. 5-17. 

Action of a Regenerativc’^etector Circuit. When an input signal is 
applied to the coil La of Fig. 5-18, a voltage is induced in the coil La. 
This voltage will be at its maximum value when the grid circuit is resonant 
for the frequency of the signal being received. When this voltage is 
impressed on the grid of the tube, it will cause the plate current flowing 
through the coil Li to vary. This change in current in Li causes the 
magnetic field about the coil Li to vary in the same manner. This 
variation of the magnetic field causes a voltage to be induced in the coil 
La. If the induced voltage is in phase with the voltage due to the input 
signal, the feedback voltage will be added to the signal voltage, thus 
causing a still greater change in the amount of plate current. This 
effect is repeated until some limiting action takes place. If the original 
feedback voltage is slightly less than the original signal voltage, the 
amount of increase in voltage and current will decrease with each energy 
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transfer from plate to grid, until the action becomes stabilized. If the 
coupling between the plate and grid coils is such that the original amount 


R-F choke 



Fio. 6-18.—Kegenerative detector, (a) Capacitor controlled, (6) resistance controlled. 


of feedback voltage is greater than the original input signal voltage, the 
resistance of the circuit is made negative. After a number of successive 
transfers of energy from the plate to the grid circuit, the circuit will 
break into oscillation. The amplification of 
the signal voltage at the grid will increase 
with increases in the amount of feedback, 
reaching a maximum at the point where the 
detector starts to oscillate. 

Methods of Controlling the Amount of Re¬ 
generation, The amount of regeneration may 
be controlled in the following manners; (1) by 
adjusting the amount of coupling between the 
grid and plate coils of the three-circuit tuner 
(see Fig. 5-19); (2) by varying the amount of 
capacitance Ci between the plate coil and cathode (Fig. 5-18a); (3) by 
varying the amount of voltage applied to the plate by means of the 
resistor Ri (Fig. 5-186). By varying the capacitor Ci or the resistor Ri 



Fiq. 6-19.—A three-circuit 
tuner. 
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to a point just below oscillation, the feedback to the grid circuit may 
be adjusted so that the amount of regeneration will remain constant. 

Disadvantages of Regenerative Circuits. Regeneration is an economi¬ 
cal means of obtaining radio-frequency amplification. Regenerative 
circuits, however, have a number of disadvantages and therefore this 
type of circuit is not generally used in commercial receivers. Among its 
disadvantages are: (1) critical adjustments are required to obtain the 
proper amount of regeneration; (2) squeals will result from accidentally 
allowing the tube to break into oscillation; (3) the detector acts as a 
transmitter when it is oscillating and these oscillations will be heard by 
other near-by receivers that happen to be tuned to the same frequency. 

6-9. Autodyne Detection. Principle of Autodyne Detection. In the 
preceding article it was stated that regeneration could be increased to a 
point where the circuit breaks into oscillation. Tliis characteristic makes 
it possible to obtain heterodyne reception of c-w signals with the use of a 
single vacuum tube. An oscillating detector used for this purpose is 
called an autodyne detector. Its circuit is the same as for the regenerative- 
detector circuits described in the previous article. 

The tuned grid circuit produces local oscillations and the beat fre¬ 
quency will be equal to the difference between the frequency of the c-w 
signal and the local oscillations. If the c-w signal and the local oscilla¬ 
tions are both of the same frequency, no beat frequency will be produced, 
as the difference between the two frequencies is zero. If the grid circuit 
is tuned progressively to a higher or lower frequency than the c-w signal, 
the beat frequency will increase in frequency and pitch with each change 
in grid circuit frequency until it is no longer audible. By tuning the grid 
circuit to a frequency whose value is 1000 cycles above or below the 
frequency of the incoming c-w signal, a 1000-cycle beat frequency is 
obtained. A beat frequency of 1000 cycles is commonly used because it 
produces an audible note at the earphones or loudspeaker that can be 
continually listened to easily and that will permit each dit, dah, or space 
to be quickly distinguished. 

Advantages of Autodyne Detection. Autodyne or oscillating detectors 
are used quite frequently in receiver circuits designed for receiving code 
signals. The advantages of the autodyne detector are: (1) a single tuning 
control is used instead of two, as required for heterodyne detection; (2) 
the circuit is simple; (3) its sensitivity and selectivity are very high com¬ 
pared to other methods of detection; (4) a single-tube autodyne detector 
can produce as much power as can be obtained from two stages of r-f 
amplification followed by a heterodyne detector. 

As in the case of a regenerative circuit, a signal is radiated when the 
circuit is in oscillation, thus causing interference with near-by receivers. 
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Frequency Limits of Autodyne Detectors. The autodyne detector can¬ 
not be used when the beat frequency is an appreciable percentage of the 
signal frequency, as is the case with superheterodyne receivers. When 
the difference in frequency becomes too large, the tuned circuit that con¬ 
trols the frequency of oscillation will be so far out of resonance with the 
incoming signal that the resultant response will be very weak. 

6-10. Superregeneration. Critical Operating Point of Regenerative 
Detectors. In a regenerative detector, the amplification due to regenera¬ 
tion will build itself up to a point where the circuit breaks into oscillation. 
At this point, the output is the greatest because the effective resistance 
of the circuit is zero and the losses are therefore at a minimum. This 
operating point is very critical and therefore it is very difficult to maintain 
the circuit at the desired operating point. A slight change in any part of 
the circuit will cause the circuit to break into oscillation. 



Fig. 5-20.—Separately quenched superregenerative detector circuit. 


Principle of Superregeneration. Superregeneration is a means 
whereby the effective resistance of the circuit is kept at zero. This is 
accomplished by varying the regeneration from an oscillatory to a non- 
oscillatory condition at a low radio-frequency rate. During the oscilla¬ 
tory interval, the oscillations will build up, only to be suppressed by the 
low frequency that is applied to the plate. This causes the circuit to go 
in and out of oscillation at a periodic rate that is equal to the frequency 
being applied to the plate. This frequency is called the quench frequency 
and its value is generally slightly higher than that of the audio 
frequencies, being approximately 20 to 26 kc. 

Separately^quenched Superregenerative Circuit. Superregeneration may 
be obtained by using a separate oscillator to supply the quench frequency 
or by providing a means whereby the grid is intermittently blocked at 
the desired frequency. The first method is called a separately quenched 
circuity and a diagram of such a circuit is shown in Fig. 5-20. This circuit 
is basically the same as the regenerative circuit, except that the plate 
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of the oscillating detector Ti is supplied with a low r-f voltage of constant 
frequency in place of the steady direct voltage. During the interval 
that the plate of Ti is positive, electrons will flow in its plate circuit. 
During the opposite half-cycle, the plate of Ti is negative and no electrons 
will flow to it; therefore, the oscillations will die out during this interval. 
The average voltage of the oscillations existing across the tuned input 
circuit L 2 C 2 will depend on the value of the signal voltage acting in this 
circuit. If this signal is rectified, the plate current in Ti will vary in 
accordance with the envelope of its input grid signal. If a tetrode or a 
pentode is used, the quench frequency is applied to the screen grid instead 
of to the plate. 

Self-quenched Superregenerative Circuits, The circuit of a self¬ 
quenching superregenerative detector is similar to the basic regenerative 
circuits shown in Fig. 6-18. The only changes made are in the values of 
the grid capacitor and grid resistor. Both of these values are increased 
considerably, thus increasing the time required for the grid capacitor to 
discharge. The grid resistor has a high resistance and blocks the elec¬ 
trons from the grid. This causes the value of the plate current to 
decrease and the input to the grid, being dependent on the plate output, 
will also decrease. The charge on the grid capacitor gradually leaks off 
through the grid resistor thus reducing the grid bias. The tube will now 
amplify and build up oscillations as before. The frequency of this self¬ 
quenching action is determined by the values of the grid resistor and grid 
capacitor. 

Uses of Superregenerative Circuits, Superregenerative detector cir¬ 
cuits are used in light, compact, portable code receivers. The ratio of 
quench frequency to signal frequency should be approximately 1 to 1000. 
Therefore, this type of circuit can only be used for frequencies over 25 
megacycles. At the average operating point, the effective resistance of 
the circuit is practically zero; thus high amplification and sensitivity are 
obtained. 

When the input signal is zero, the electron flow in the tube is irregular. 
This unsteady action causes a hissing noise to be heard in the output 
circuit. This noise becomes insignificant when strong input signals are 
applied. The selectivity of a receiver using superregenerative detection 
is very poor, but this factor is not important at the high frequencies for 
which this type of detection is used. As in the case of the regenerative 
detector, the superregenerative detector circuit also radiates a signal 
that interferes with the reception of near-by receivers. Superregenera¬ 
tive detectors are used primarily for the reception of signals whose 
frequencies are too high for other methods of detection to produce 
satisfactory results. 
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5-11. Automatic Volume Control. Purpose of Automatic Volume 
Control, In operating a receiver, it is sometimes found that the volume 
of the output varies without making any change in the setting of the 
volume control. This is generally referred to as fading and is most 
likely to be encountered only when receiving the signals of distant sta¬ 
tions. Another disturbing change in volume occurs when tuning a 
receiver from a weak station to a strong station, or vice versa, without 
resetting the volume control. In order to compensate for these unde¬ 
sired changes in signal strength, many receivers use a special circuit to 
counteract this effect. These special circuits are called automatic-volume- 
control or avc circuits and are usually associated with the detector cir¬ 
cuits. They are further classified as simple avc and delayed avc 
circuits. 

A simple avc circuit is one in which the avc action is present at all 
times regardless of whether the incoming signal is weak or strong. This 
is in contrast to the delayed avc, in which the avc action becomes opera¬ 
tive only when strong signals are being received. 

Principle of AVC Circuits, The principle of avc is based on varying 
the bias applied to the control grids of one or more of the tubes preced¬ 
ing the detector. The tubes to which the avc bias is applied must be 
of the supercontrol or variable-mu type (Art. 4-15) so that when an 
increase in signal strength causes an increase in the grid bias, the voltage 
amplification of the circuit will be reduced. 

The undesired changes in volume that make automatic volume con¬ 
trol desirable will appear as fluctuations in the signal strength at both 
the input and output side of the detector circuit. Automatic volume 
control is achieved by applying a direct voltage to the control grids of 
the supercontrol tubes; this voltage is obtained by the rectified current 
of the detector circuit flowing through the diode load resistor. The volt¬ 
age used for this purpose is negative with respect to ground and therefore 
acts as a bias on the grids of the tubes to which it is applied. Increases 
in signal strength will increase the value of this avc bias, which will 
result in a reduction in the strength of the signal applied to the detector. 
Conversely, decreases in signal strength will decrease the avc bias voltage, 
which will result in an increase in the strength of the signal applied to 
the detector. In this manner, the avc bias tends to maintain auto¬ 
matically the output of the detector circuit at a constant level. When 
automatic volume control is used, it is almost universally associated 
with diode detection, the principle of which has been explained earlier 
in this chapter. 

Simple AVC Circuits, In the study of the diode detector (Art. 6-2) 
it was shown that the input signal causes a current to flow in the detector 



234 


ESSENTIALS OF RADIO 


[Art. 6-11 


circuit during part of the positive half of each cycle. This current pro¬ 
duces a voltage at the resistor Ri and also charges the capacitor Ci 
(Fig. 5-21). During the remainder of each cycle, the charged capacitor 
Cl supplies current to the output circuit and the net result is that the 
output signal variations are a replica of the modulation envelope of the 
r-f input signal. 

The charge on the capacitor Ci will be such that point A wdll be 
negative with respect to ground. This is so because the rectifying action 
of the tube permits the electron movement caused by the input signal 
to flow only in the direction of A toward B; furthermore, as electrons 
always flow from negative toward positive, point A must be negative 
with respect to point B or ground. The voltage at A will be a pulsating 
voltage varying in strength according to the a-f component of the input 
signal (see Figs. 5-16 and 5-3c). 



Fig. 6-21.—Diode detector with simple automatic voulme control. 


As the voltage at point A is negative with respect to ground and as 
its value is proportional to the strength of the signal, it becomes an excel¬ 
lent source for the avc bias. This voltage, however, cannot be used 
directly as the avc bias because it varies in the same manner as the a-f 
component of the signal. If this voltage was applied to the grids of the 
preceding tubes, its effect would be to neutralize the variations in the 
strength of the modulation envelope, with the result that the output of 
the detector circuit would consist of variaticms of audio frequencies but 
all of a constant strength. In order to compensate for this undesirable 
effect, a filter circuit consisting of the resistor R 2 and the capacitor Ct 
(Fig. 5-21) is added. The voltage from point A is now required to 
charge the capacitor Ct through the resistor Rt. The voltage for the 
avc bias is thus dependent on the amount of charge on the capacitor Cj. 
By properly choosing the values of Rt and Ct, it is possible to control the 
charging rate of the capacitor so that the variations due to the a-f 
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component of the signal will not have any appreciable effect but that 
variations due to fading and other undesirable causes will be effective. 

The problem of choosing the proper values of R 2 and Cz is one of 
time constants (see Art, 2-31). The time constant of the circuit should 
be of sufficient length so that the lowest value of audio-frequency sound 
to be reproduced will not cause any appreciable amount of charge on the 
capacitor C3. On the other hand, the time constant should not be too 
long, for then the avc would not compensate for sudden changes due to 
fading, etc. In general, it is common practice to use a time constant 
of approximately one-tenth to one-fifth second. 

Example 5-10. The avc filter circuit of a certain receiver consists of a 2-megohm 
resistor and a 0.1-/xf capacitor, {a) What is the time constant of this circuit? (6) 
What per cent of the maximum voltage charge possible will be attained in the time 
that the current from 1 cycle of a 50-cycle a-f signal will flow in the detector circuit 
(assuming that a constant voltage was being applied)? (c) How many cycles of the 
50-cycle note would be completed in one time constant? (d) If a sine-wave voltage, 
whose maximum value is equal to the constant voltage assumed in part (6), were 
applied to the detector circuit, would it require the same amount of time, more time, 
or less time for the capacitor to reach 63.2 per cent of its final charge? Why? 


Given: 

Find: 

i? = 2 megohms 

(a) / * ? 

C * O.l/uf 

(6) per cent E - ? 

/ = 50 cycles 

(c) cycles = ? 


(d) « = ? 


Solution: 

(а) from Eq. (2-89) 

t = EC = 2 X 10« X 0.1 X 10“* =» 0.2 second or 1 second 

(б) As current can flow only during the positive half of the signal, the maximum 
time of current flow in one cycle of the 50-cycle a-f signal is jU second. This 

’ corresponds to one-twentieth of a time constant and from Table II-IV or Fig. 
2-67 (page 117) the charge produced will be approximately 5 per cent of the 
maximum voltage charge possible when k = ^ or 0.05. 

(c) Time for 1 cycle of the 50-cycle a-f current, 

~ 7 ~ second 

J OU 

Cycles completed in one time constant, 

t 0 2 

cycles “ ^ “ 10 cycles 

(d) A much greater amount of time will be required because the value of the sine- 
wave voltage is equal to the voltage of part (6) at its maximum point only and 
then only for a very small period of time. 

The avc voltage that is applied to the grids of one or more of the tubes 
preceding the detector will therefore be a direct voltage of negative poten- 
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tial, which will follow the variations caused by changes in signal strength 
due to fading, etc., but will not follow the comparatively rapid variations 
produced by the a-f component of the input signal. This avc voltage 
will therefore compensate for changes in signal strength due to fading, 
etc., and will tend to maintain the volume of the receiver at a constant 
level. The avc bias may be applied to the grids of the tubes preceding 
the detector, such as the i-f amplifiers, r-f amplifiers, and mixers or 
converters. It has been found that for successful operation of the auto¬ 
matic volume control, the avc bias should be applied to two or more of 
the preceding tubes. 

Delayed AVC Circuits. The simple avc circuit just described has a 
disadvantage in that it applies some amount of avc bias at all times. 
This may become undesirable when the receiver is tuned to a weak sta¬ 
tion, as it will reduce the amount of volume available at the loudspeaker. 
In order to overcome this undesircd effect, the circuit may be arranged 
so that the avc bias must first overcome some fixed voltage before any 



Fig. 5-22.—Diode detector with delayed automatic volume control. 

avc bias can be applied to the grids of the preceding tubes. This type 
of circuit is called the delayed avc circuit. It should be observed that the 
delay referred to is not related to time but represents a value of voltage 
at which the avc first starts to become effective. 

The circuit shown in Fig. 5-22 illustrates the fundamental principle of 
delayed avc operation. The tube used in this figure is a duplex diode 
(type 6H6) and the left half of the tube Di, with its associated circuit, 
acts in the same manner as the diode-detector circuit of Fig. 5-21. The 
right half of the tube D 2 provides the action that produces the delayed 
avc feature of the circuit. Examination of Fig. 5-22 will show that the 
plate of the diode D 2 is positive with respect to its cathode and hence a 
current will flow in the circuit composed of D 2 , i? 2 , Riy ^'^d the 3-volt 
battery. Since the voltage drop at D 2 will be very small, the capacitor 
Cz will charge to practically 3 volts and will produce an avc voltage of 
approximately —3 volts. It may also be observed that this current will 
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produce a negative voltage at A, which will apply a negative voltage to 
the plate of £> 1 . Because of the relative values of Ri and {R 2 is 
usually five or more times greater than Ri), this voltage is not great 
enough to prevent the flow of current in the diode Di during the positive 
halves of the input signal. 

The rectified signal current flowing in the circuit of diode Di will still 
produce a voltage across the diode load resistor Ri with terminal A nega¬ 
tive with respect to ground. When weak signals are being received, this 
voltage may well be less than 3 volts. Under this condition the avc 
line will be supplied with a constant value of 3 volts provided by the 
battery in the circuit of the diode £> 2 . 

When strong signals are being received, the voltage at Ri may well 
exceed 3 volts. Under this condition the capacitor C^ will become charged 
to the value of voltage across Ri and the voltage of the avc line will 
correspond to the voltage of the capacitor C3. It may further be observed 
that when the voltage at the capacitor Cs exceeds 3 volts, the plate of 
the diode £>2 becomes negative with respect to the cathode and the elec¬ 
tron flow in this circuit will cease. 

From the above conditions it may be seen that for weak input sig¬ 
nals the avc bias remains constant at 3 volts and the receiver can be 
operated with its maximum sensitivity and gain. When strong signals 
are being received the avc bias will exceed 3 volts and the volume will 
be maintained at a constant level by the automatic-volume-control 
circuit. 

Practical Delayed AVC Circuit The circuit shown in Fig. 5-22 shows 
a battery being used to provide a fixed amount of voltage to supply a 
constant minimum voltage for the avc line. In modern receivers it is 
considered desirable to eliminate batteries whenever possible, hence most 
circuits are arranged to provide some other means of obtaining this volt¬ 
age. It is also common practice to use multipurpose tubes wherever 
practicable, hence the detector is often found in a common tube envelope 
with a triode or pentode amplifier. The circuit shown in Fig. 5-23 
includes both of these modem practices. 

The tube used in the circuit of Fig. 5-23 is a duplex-diode-triode such 
as the type 75, 6SQ7, 2A6, or 6B6-G. The top plate Di of the duplex- 
diode section of the tube acts as the plate for the diode detector. The 
bottom plate £> 2 , which is fed by the capacitor Cs, is used to supply 
the avc bias. The cathode biasing resistor Ri, provides the bias for the 
triode section of the tube. It also makes the avc diode plate D 2 negative 
with respect to the cathode and thereby provides the means of obtaining 
the delayed avc without the use of a battery. It should be observed that 
the diode-detector load resistor JBi is connected directly to the cathode 
and hence the diode-detector plate Di is at cathode potential. Because 
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of this, rectification will take place in the detector circuit during part 
of the positive half of each cycle of the input signal received, whether 
from a weak station or from a strong one. The rectified current flowing 
through the diode load resistor Ri produces a unidirectional voltage at 
72 1 , which varies in the same manner as the input signal. This output 
voltage is applied to the triode or amplifier portion of the tube through 
the coupling capacitor Ce and the manual volume control 

The avc diode plate D 2 is connected to ground through its load resistor 
Rs. When the input signal voltage is zero, the plate D 2 will be negative 
with respect to the cathode by the amount of cathode bias produced by 



Fig, 6-23.—Diode detector using a multiunit tube. Delayed avc obtained from cathode 

bias. 

Ri, usually 2 or 3 volts. Under this condition, no current will flow in the 
D 2 plate circuit and hence no avc voltage is developed. When a signal 
is being received, a voltage will be applied to the avc diode plate D 2 by 
means of the coupling capacitor Cb. When this voltage exceeds the 
value of the cathode bias, the avc plate Z >2 will be positive with respect to 
the cathode and a rectified current will flow in the avc diode circuit 
consisting of the diode D 2 , the resistor Ra, and the resistor R 4 , A voltage 
will then be developed across the avc diode load resistor Rs, point A 
being negative with respect to ground. The avc filter network con¬ 
sisting of the resistor R 2 and the capacitor Cz serves to eliminate the a-f 
voltage variations and to pass on to the avc line any variations due to 
fading and changes in signal strength when tuning in a new station. 
Thus, the delayed avc circuit results in having the maximum signal 
received from weak stations and automatic volume control applied only 
to the strong stations. 
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QUESTIONS 

1 . Explain the fundamental process of each of the two operations necessary in 
any detector circuit. 

2. Define each of the following terms: (a) wave train, (6) r-f carrier, (c) audio 
component, (d) modulated wave, {e) modulation envelope. 

3 . What operating features of vacuum tubes made possible their universal 
use as detectors in modern radio equipment? 

4 . Explain what is meant by each of the following terms: (a) sensitivity, (&) signal 
handling ability, (c) fidelity of reproduction. 

6. W^hich factors are most important in selecting a detector circuit for a receiver 
that is to be used for: (o) signals from a distant broadcasting station, (b) signals from 
a powerful local broadcasting station, (c) code? 

6. Explain the basic principle of a diode detector. 

7 . Explain the purpose of the r-f by-pass capacitor. How is it connected in th® 
circuit? What is its approximate value? 

8. What is meant by a full-wave diode detector? What methods arc used to 
obtain this type of detection? What are its advantages and disadvantages? 

9. What are the advantages and disadvantages of diode detectors? Where are 
diode detectors generally used? 

10 . Where are each of the following parts used and what is their purpose: (a) r-f 
filter resistor, (6) a-f by-pass capacitor, (c) diode load resistor? 

11. Why do r-f filter circuits reduce the useful rectified output of a detector circuit? 

12 . How are multiunit tubes used as diode detectors? What is the main advan¬ 
tage of using multiunit tubes? 

18 . Explain the basic principle of plate detection. What other names are also 
applied to this method of detection? 

14 . Explain the following terms: (o) cutoff, (b) grid bias, (c) positive bend, (d) 
negative bend, (e) bias detectors. 

16 . Explain the operation of a grid-bias detector when operated at its (a) negative 
bend, (6) positive bend. 

16 . How is the output of a plate detector affected when the grid bias is adjusted 
(o) too far beyond its cutoff point, (6) too far before its cutoff point? 

17 . What are the advantages and disadvantages of plate detectors? Where are 
plate detectors generally used? 

18 . Explain the purpose of the r-f choke coil. How is it connected in the circuit? 
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19 . What is the relation between the grid voltage swing and the operating grid 
voltage? 

20 . Describe three methods used to obtain the correct amount of grid-bias voltage. 
Which of these methods is generally used? 

21 . Explain why the use of a cathode resistor to obtain the required grid bias is 
referred to as the automatic or self-biasing method. 

22 . How is the value of the cathode-bias resistor determined? 

23 . Explain the purpose of the a-f by-pass capacitor. How is it connected in the 
circuit? What is its approximate value? 

24 . Explain the principle of operation of grid detection. 

25 . How does the action and circuit of a grid detector compare with a half-wave 
diode detector? 

26 . Explain the circuit action of the grid capacitor. 

27 . Explain the circuit action of the grid resistor. 

28 . What are the advantages and disadvantages of grid detectors? Where are 
grid detectors generally used? 

29 . What is meant by power detection? What arc its main advantages? 

30 . How do grid-circuit and plate-circuit power detectors differ from the regular 
grid-circuit and plate-circuit detectors? 

81 . Explain why c-w signals cannot be detected by using diode-, grid-, or plate- 
detector circuits. 

32 . Explain the principle of heterodyne action. 

33 . What is meant by (a) beat frequency, (6) heterodyning? 

34 . Explain three applications of heterodyne action. 

86 . What are the essential parts of a heterodyne circuit? How does this circuit 
operate? 

36 . Explain the action of a regenerative detector circuit. 

37 . Explain three methods of controlling the amount of regeneration. 

38 . What are the advantages and disadvantages of regenerative detectors? 

89 . Explain the principle of operation of an autodyne detector. How does it 
compare with regenerative and heterodyne detectors? 

40 . What are the advantages of autodyne detectors? Where are they generally 
used? 

41 . Explain what is meant by the frequency limits of autodyne detectors. 

42 . Explain the principle of superregeneration. 

43 . Explain the methods used to obtain superregeneration. 

44 . What is meant by the quench frequency? 

46 . How do the circuits for a regenerative detector and a self-quenching super- 
regenerative detector compare? 

46 . What are the advantages and disadvantages of superregeneration? 

47 . Where are superregenerative circuits used? 

48 . What is the purpose of automatic volume control? 

49 . What is the principle of operation of avc circuits? 

50. What is meant by simple avc? What is meant by delayed avc? Explain 
the meaning of the word delayed in the term delayed avc. 

61 . Can avc be applied to any type of tube? Explain. 

62 . Describe the action of the simple avc circuit. 

68 . What does the fundamental avc filter network consist of? Why is it neces¬ 
sary? What value of time constant is recommended for this circuit? 

64 . To how many tubes should the avc bias be applied? Where are these circuits 
located with respect to the detector? To which circuits may this avc bias be applied? 
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66 . What is the disadvantage of simple avc? Ifow does dedayed avc overcome 
this disadvantage? 

66. Kxplain the a(?tioii of an avc circuit using a dupk'x-diode tube and a battery 
to provide the delayed voltage. 

67. Why is the use of a battery undesirable in delayed avc circuits? Wliat 
method is used to eliminate the need of a battery? 

68. Describe the action of a delayed avc circuit using a duplex-diode-triode tube. 

PROBLEMS 

1. A certain diode-iletector circuit, similar to Fig. 5-2, uses a i-megohm resistor 
for the diode load resistance Ri and a lOO-yu/if capacitor for the diode by-pass capacitor 
Cl. (a) What is the time constant of this RC circuit? (b) If the resonant frequency 
of the tuned circuit L 2 C 2 is 1500 kc, what time is required for the r-f wave to complete 
1 cycle? (c) How many times greater is the time constant of the RC circuit than the 
time of 1 cycle of the r-f wave? 

2 . The circuit of Prob. 1 also acts as a filter circuit, (a) What is the reactance 
of the capacitor to a 1500-kc r-f current? (b) How does the reactance to the 1500-kc 
r-f current compare with the value of the diode load resistance? (c) What path will 
the r-f currents take? (d) Wiat is the reactance of the capacitor to a 500-cycle a-f 
current? (e) How does the reactance to the 500-cy(*le a-f current compare with the 
value of the diode load resistance? (/) Which path will the a-f currents take? 

3. A certain diode-detector circuit, similar to Fig. 5-2, uses a 300,000-ohm resistor 
for the diode load resistance Ri and a 250 -mm^ capacitor for the diode by-pass capacitor 
Cl. (a) Wliat is the time constant of this RC circuit? (h) If the resonant frequency 
of the tuned circuit L 2 C 2 is 500 kc, what time is required for the r-f wave to complete 
1 cycle? (c) How many times greater is the time constant of the RC circuit than the 
time of 1 cycle of the r-f wave? 

4 . The circuit of Prob. 3 also acts as a filter circuit, (a) What is the reactance 
of the capacitor to a 500-kc r-f current? (b) How does the reactance to the 500-kc 
r-f current compare with the value of the diode load resistance? (c) What path will 
the r-f currents take? (d) What is the reactance of the capacitor to a 500-cycle a-f 
current? (e) How does the reactance to the 500-cycle a-f current compare with the 
value of the diode load resistance? (/) Which path will the a-f currents take? 

6 . The circuit elements shown in Fig. 5-6a have the following values: 12 1 « 100,000 
ohms, Ri « 400,000 ohms, Ci = 100 mmI, Ci = 100 (a) What impedance does 

the capacitor Ci offer to a 465-kc i-f current? (b) Which path will the i-f current take? 
(c) Will any of the i-f current flow into the Ri path? (d) What impedance does the 
capacitor Ca offer to any 465-kc i-f current? (e) What purpose does Cg serve? (/) 
Neglecting the effect of the capacitors Cj and Ca, what per cent of the a-f voltage 
developed across Rj and R 2 is available at the output terminals? 

6 . The circuit elements shown in Fig. 5-6a have the following values: Ri « 50,000 

ohms, Ri « 200,000 ohms, Ci « 250 p/xf, Cg « 250 (a) What impedance does 

the capacitor Ci offer to a 175-kc i-f current? (b) Which path will the i-f current 
take? (c) Will any of the i-f current flow into the Ri path? (d) What impedance 
does the capacitor Cg offer to any 175-kc i-f current? (e) What purpose does Cs 
serve? (/) Neglecting the effect of the capacitors Ci and Cg, what per cent of the 
a-f voltage developed across Ri and Ri is available at the output terminals? 

7 . The r-f filter circuit of Fig. 5-9a has a IOO-mm? capacitor at Ci and a 30-mh 
choke at Lg. (a) What impedance does the capacitor offer to a 1500-kc r-f current? 
(b) What impedance does the choke offer to a 1500-kc r-f current? (c) What imped¬ 
ance does the capacitor offer to a 500-cycle a-f current? (d) What impedance does 
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19 . What is the relation between the grid voltage swing and the operating grid 
voltage? 

20 . Describe three methods used to obtain the correct amount of grid-bias voltage. 
Which of these methods is generally used? 

21 . Explain why the use of a cathode resistor to obtain the required grid bias is 
referred to as the automatic or self-biasing method. 

22 . How is the value of the cathode-bias resistor determined? 

23 . Explain the purpose of the a-f by-pass capacitor. How is it connected in the 
circuit? What is its approximate value? 

24 . Explain the principle of operation of grid detection. 

25 . How does the action and circuit of a grid detector compare with a half-wave 
diode detector? 

26 . Explain the circuit action of the grid capacitor. 

27 . Explain the circuit action of the grid resistor. 

28 . What are the advantages and disadvantages of grid detectors? Where are 
grid detectors generally used? 

29 . What is meant by power detection? What are its main advantages? 

30 . How do grid-circuit and plate-circuit power detectors differ from the regular 
grid-circuit and plate-circuit detectors? 

31 . Explain why c-w signals cannot be detected by using diode-, grid-, or plate- 
detector circuits, 

32 . Explain the principle of heterodyne action. 

33 . What is meant by (a) beat frequency, (6) heterodyning? 

34 . Explain three applications of heterodyne action. 

36 . What are the essential parts of a heterodyne circuit? How does this circuit 
operate? 

36 . Explain the action of a regenerative detector circuit. 

37 . Explain three methods of controlling the amount of regeneration. 

38 . What are the advantages and disadvantages of regenerative detectors? 

39 . Explain the principle of operation of an autodyne detector. How does it 
compare with regenerative and heterodyne detectors? 

40 . What are the advantages of autodyne detectors? Where are they generally 
used? 

41 . Explain what is meant by the frequency limits of autodyne detectors. 

42 . Explain the principle of superregeneration. 

43 . Explain the methods used to obtain superregeneration. 

44 . What is meant by the quench frequency? 

45 . How do the circuits for a regenerative detector and a self-quenching super- 
regenerative detector compare? 

46 . What are the advantages and disadvantages of superregeneration? 

47 . Where are superregenerative circuits used? 

48 . What is the purpose of automatic volume control? 

49 . What is the principle of operation of avc circuits? 

50 . What is meant by simple avc? What is meant by delayed avc? Explain 
the meaning of the word delayed in the term delayed avc, 

51 . Can avc be applied to any type of tube? Explain. 

62 . Describe the action of the simple avc circuit. 

53 . Wliat does the fundamental avc filter network consist of? Why is it neces¬ 
sary? What value of time constant is recommended for this circuit? 

54 . To how many tubes should the avc bias be applied? Where are these circuits 
located with respect to the detector? To which circuits may this avc bias be applied? 
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66. What is the disadvantage of simple avc? How does delayed avc overcome 
this disadvantage? 

66. Explain the action of an avc circuit using a duplex-diode tube and a battery 
to provide the delayed voltage. 

67 . Why is the use of a battery undesirable in delayed avc circuits? What 
method is used to eliminate the need of a battery? 

68. Describe the action of a delayed avc circuit using a duplex-diode-triode tube. 

PROBLEMS 

1. A certain diode-detector circuit, similar to Fig. 5-2, uses a i-megohm resistor 
for the diode load resistance R\ and a 100-/i/xf capacitor for the diode by-pass capacitor 
Cl. (a) What is the time constant of this RC circuit? (h) If the resonant frequency 
of the tuned circuit L 2 C 2 is 1500 kc, what time is required for the r-f wave to complete 
1 cycle? (c) How many times greater is the time constant of the RC circuit than the 
time of 1 cycle of the r-f wave? 

2. The circuit of Prob. 1 also acts as a filter circuit, (a) What is the reactance 
of the capacitor to a 1500-kc r-f current? (b) How does the reactance to the 1500-kc 
r-f current compare with the value of the diode load resistance? (c) What path will 
the r-f currents take? (d) What is the reactance of the capacitor to a 500-cycJe a-f 
current? (c) How does the reactance to the 500-cycle a-f current (jompare with the 
value of the diode load resistance? (/) Which path will the a-f currents take? 

3. A certain diode-detector circuit, similar to Fig. 5-2, uses a 300,000-ohm resistor 
for the diode load resistance Ri and a 250-MMf capacitor for the diode by-pass capacitor 
Cl. (a) WTiat is the time constant of this RC circuit? (h) If the resonant frequency 
of the tuned circuit L 2 C 2 is 500 kc, what time is required for the r-f wave to complete 
1 cycle? (c) How many times greater is the time constant of the RC circuit than the 
time of 1 cycle of the r-f wave? 

4 . The circuit of Prob. 3 also acts as a filter circuit, (a) What is the reactance 
of the capacitor to a 500-kc r-f current? (6) How does the reactance to the 500-kc 
r-f current compare with the value of the diode load resistance? (c) What path will 
the r-f currents take? (d) What is the reactance of the capacitor to a 500-cycle a-f 
current? (e) How does the reactance to the 500-cycle a-f current compare with the 
value of the diode load resistance? (/) Which path will the a-f currents take? 

6. The circuit elements shown in Fig. 5-6a have the following values: Ri = 100,000 
ohms, Ri » 400,000 ohms, Ci = 100 Cz = 100 (a) What impedance does 

the capacitor Ci offer to a 465-kc i-f current? (5) Which path will the i-f current take? 
(c) Will any of the i-f current flow into the Ri path? (d) What impedance does the 
capacitor Cs offer to any 465-kc i-f current? (e) What purpose does Cz serve? (/) 
Neglecting the effect of the capacitors Ci and Cs, what per cent of the a-f voltage 
developed across Ri and R 2 is available at the output terminals? 

6. The circuit elements shown in Fig. 5-6o have the following values: i2i = 50,000 
ohms, R 2 « 200,000 ohms, Ci « 250 Cz * 250 fAfit (a) What impedance does 
the capacitor Ci offer to a 175-kc i-f current? (6) Which path will the i-f current 
take? (c) Will any of the i-f current flow into the Ri path? (d) What impedance 
does the capacitor offer to any 175-kc i-f current? (e) What purpose does C» 
serve? (/) Neglecting the effect of the capacitors Ci and Cs, what per cent of the 
a-f voltage developed across Ri and R 2 is available at the output terminals? 

7. The r-f filter circuit of Fig. 5-9a has a 100-MMf capacitor at Ci and a 30-mh 
choke at Ls. (a) What impedance does the capacitor offer to a 1500-kc r-f current? 
(h) What impedance does the choke offer to a 1500-kc r-f current? (c) What imped¬ 
ance does the capacitor offer to a 600-cycle a-f current? (d) What impedance does 
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the choke offer to a 500-cyclc a-f current? (c) Which path will the r-f currents take? 
(/) Which path will the a-f currents take? 

8. The r-f filter circuit of Fig. 5-96 has a 500-MMf capacitor at Ci and a 125-mh 
choke at Ls. (a) What impedance does the capacitor offer to a 262-kc i-f current? 
(6) What impedance does the choke offer to a 262-kc i-f current? (c) What imped¬ 
ance does the capacitor offer to a 500-cycle a-f current? (d) What impedance does 
the choke offer to a 500-cycle a-f current? (e) Which path will the i-f currents take? 
(/) Which path will the a-f currents take? 

9. A tube is operated with a grid bias of 3 volts. What is the grid-voltage swing 
when an a-c signal applied to the input circuit has a voltage of (a) 1 volt, (6) 3 volts, 
(c) 4 volts? 

10. A tube is operated with a grid bias of 6 volts. What is the grid-voltage swing 
when an a-c signal applied to the input circuit has a voltage of (a) 2 volts, (6) 4 volts, 
(c) 6 volts? 

11. A type 6J7 tube is used as a pentode bias detector operating with 250 volts 
on its plate and 100 volts on the screen grid, (o) What grid voltage is recommended 
for these operating conditions? (See Appendix XV or a standard tube manual.) (6) 
What is the greatest amount of signal voltage that can be applied to the input circuit 
without causing distortion? 

12. A type 6P5-GT/G tube is used as a grid-bias detector and is operated with 
250 volts on its plate, (a) What grid voltage is recommended for these operating 
conditions? (6) What is the greatest amount of signal voltage that can be applied 
to the input circuit without causing distortion? 

18. A type 27 tube is used as a bias detector and is operated with 250 volts on its 
plate, (a) What gHd voltage is recommended for these operating conditions? (6) 
What is the greatest amount of signal voltage that can be applied to the input circuit 
without causing distortion? 

14. A type 77 tube is used as a bias detector and is operated with 250 volts on 
its plate and 50 volts on the screen grid, (a) What grid voltage is recommended for 
these operating conditions? (6) What is the greatest amount of signal voltage that 
can be applied to the input circuit without causing distortion? 

16. A detector tube operates with a grid bias of 12 volts. What value of cathode 
resistance is required if the no-load plate current is (a) 0.1 ma, (6) 0.25 ma, (c) 0.4 ma? 

16. A type 6C5 tube, used as a self-biased detector, is to be operated with 250 
volts applied to its plate. The plate current is to be adjusted to 0.2 ma when the 
input signal is zero, (a) What value of cathode-bias resistor is necessary for these 
conditions? (6) How much power is consumed by this resistor? (c) What power 
rating should the resistor have? 

17 . A 6P5-GT/G tube, used as a self-biased detector, is to be operated with 250 
volts applied to its plate. The plate current is to be adjusted to 0.2 ma when the 
input signal is zero, (a) What value of cathode-bias resistor is necessary for these 
conditions? (6) How much power is consumed by this resistor? (c) What power 
rating should the resistor have? 

18 . A type 27 tube, used as a self-biased detector, is to be operated with 250 volts 
on its plate. The plate current is to be adjusted to 0.2 ma when the input signal is* 
zero, (a) What value of cathode-bias resistor is necessary for these conditions? 
(6) How much power is consumed by this resistor? (c) What power rating should 
the resistor have? 

19. A type 77 tube, used as a self-biased detector, is to be operated with 250 volts 
on its plate and 50 volts on the screen grid. The cathode current is to be adjusted to 
0.65 ma when the input signal is zero, (a) What value of cathode-bias resistor is 
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necessary for those conditions? {h) How much power is consumed by this rcsisUn*? 
(c) What power rating should the resistor have? 

20. A type 6C5 tube, used as a self-biased detector similar to Prob. 16, uses a 
cathode-bias resistor of 85,000 ohms and has a no-load plate current of 0.2 ma. (a) 
What value of by-pass capacitor should be used with this resistor if it is desired that 
the resistor offer at least 100 times more impedance to a 500-cycle a-f current than 
the capacitor? (5) What standard rating and type of capacitor is recommended for 
this application? 

21. A type 6P5-OT/Ct tube, used as a self-biased detector similar to Prob. 17, 
uses a cathode-bias resistor of 100,000 ohms and has a no-load plate current of 0.2 
rna. (a) What value of by-pass capacitor should bo used with this resistor if it is 
d(*sired that the resistor offer at least 100 times more impedance to a 500-cycle a-f 
current than the capacitor? (5) What standard rating and type of capacitor is 
recommended for this application? 

22. A type 27 tube, used as a self-biased detector similar to Prob. 18, iises a 
cathode-bias resistor of 150,000 ohms and has a no-load plate current of 0.2 ma. (a) 
What value of by-pass capacitor should be used with this resistor if it is desired that 
the resistor offer at least 100 times more impedance to a 500-cycle a-f current than the 
(japacitor? (5) What standard rating and type of capacitor is recommended for 
this application? 

23 . A type 77 tube, used as a self-biased detector similar to Prob. 19, uses a 
cathode-bias resistor of 30(X) ohms and has a no-load cathode current of 0.65 ma. (a) 
What value of by-pass capacitor should be used with this resistor if it is desired that 
the resistor offer at least 100 times more impedance to a 500-(‘ycle a-f current than 
the capacitor? (6) What standard rating and type of capacitor is recommended for 
this application? 

24. A type 6C5 tube, used as a self-biased detector, is to be operated with 250 
volts applied to its plate. The cathode-bias resistnr has a resistance of 85,000 ohms 
and the plate current is to be adjusted to 0.2 ma. What value of voltage must the 
B power supply provide in order to maintain 250 volts between the cathode and plate? 
(Assume that there is no drop in voltage at the load impedance.) 

26. A type 6P5-GT/G tube, used as a self-biased detector, is to be operated with 
250 volts applied to its plate. The cathode-bias resistor has a resistance of 100,000 
ohms and the plate current is to be adjusted to 0.2 ma. What value of voltage must 
the B power supply provide in order to maintain 250 volts between the cathode and 
plate? (Assume that there is no drop in voltage at the load impedance.) 

26. A type 27 tube, used as a self-biased detector, is to be operated with 250 volts 
applied to its plate. The cathode-bias resistor has a resistance of 150,000 ohms and 
the plate current is to be adjusted to 0.2 ma. What value of voltage must the B 
power supply provide in order to maintain 250 volts between the cathode and plate? 
(Assume that there is no drop in voltage at the load impedance.) 

27* A type 77 tube, used as a self-biased detector, is to be operated with 250 volts 
applied to its plate and 50 volts to its screen grid. The cathode-bias resistor has a 
resistance of 3000 ohms and the cathode current is to be adjusted to 0.65 ma. What 
value of voltage must the B power supply provide in order to maintain 250 volts 
between the cathode and plate? (Assume that there is no voltage drop at the load 
impedance.) 

28 . Using the plate characteristic curves of the type 605 tube (Pig. 4-19), calcu¬ 
late the value of cathode-bias resistance necessary to operate the tube with the fol- 
Si^wing plate and grid voltages: (a) Eh *■ 250, Ee “ —8; (6) Eh * 200, Ec ** —6; (c) 
Ee - -4; (d) Eh « 100, Ee - -2. 
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29 . (a) How much power is consumed by each cathode resistor in Proh. 28? 
(6) What power rating should the resistors have? 

SO. IIsiiiK the j?rid-plate transfer characteristic curves of the type 6('5 tube (Fig. 
4-21), calculate the value of cathode-bias resistance necessary to operate the tube with 
the following plate voltages and plate currents (milliamperes): (a) Kb =* 250, h ~ 4.8; 
(h) Eb * 300, Ib - 5.5; (c) Eb = 200, h * 9.0; (d) Eb = 100, /*, = 5.0. 

31 . (a) How much power is consumed by each cathode resistor in Prob. 30? (5) 

What power rating should each resisku have? 

32 . Using the plate characteristic curves of the type 6.J7 tube (Fig. 4-31), calcu¬ 

late the value of the cathode-bias resistance necessary to operate* the tube with the 
following plate and grid voltages (the screen-grid voltage is kept at 100 volts): (a) 
Eb = 120, = -1; (5) Kb = 240, Ec - -2; (c) Kb = 320, Ec = -2.6; (d) K,, - 400, 

Ec = —3. (Note: Screen-grid current is 0.5 ma.) 

33 . (a) How much power is consumed by each cathode resistor in Prob. 32? (5) 

What power rating should each resistor have? 

34 . (a) Plot the curves required to show the resultant wave when a 6-cyclc sine- 
wave voltage whose maximum value is 4 volts is combined by heterodyne action 
with a 9-cycle sine-wave voltage whose maximum value is 8 volts. (6) What is the 
beat frequency of these two waves? (c) What is the voltage swuig of the beat 
frequency? 

35 . A c-w signal transmitted on a frequency of 2000 kc is being received by an 
autodyne detector. At what frequency must the oscillator circuit of the receiver be 
set in order that the frequency in the output circuit will be (a) 500, (5) 1000, (c) 1500 
cycles? 

36 . The avc filter circuit shown in Fig. 5-21 has the following constants: iSz = 1 
megohm, Ca — 0.1 /if* («) What is the time constant of this circuit? (5) What per 
cent of the maximum voltage charge possible will be attained in the time that the 
current from 1 cycle of a 100-cycle a-f signal will flow in the detector circuit (assuming 
that a constant voltage was being applied)? (c) How many cycles of the 100-cycle 
note would be completed in 1 time constant? 

37 . The avc filter circuit shown in Fig. 5-21 has the following constants: Rt ^ 2 

megohms, Cz * 0 05 /if. (a) What is the time constant of this circuit? (6) What 
per cent of the maximum voltage charge possible will be attained in the time that the 
current from 1 cycle of a 50-cycle a-f signal will flow in the detector circuit (assuming* 
that a constant voltage was being applied) ? (c) How many cycles of the 50-cycle note 

would be completed in 1 time constant? 

38 . The delayed avc circuit shown in Fig. 5-23 has the following constants: 

Ri « 0.5 megohm, ”” 1 megohm, Rz ^ 2 megohms, 1^4 2500 ohms, Ci » 250 

/A/if, Ci « 0.1 /if, Ci — 10 /if. When the signal input is zero, the current in the 
cathode circuit is 1.2 ma. (a) What is the magnitude and the polarity of the voltage 
between Dz and the cathode when the input signal is zero? (6) How much current 
flows in Rt under the condition in part (a)? (c) What is the voltage of the avc line 

imder the condition of part (a)? (d) To what voltage must the charge on the capaci¬ 

tor Ci raise the plate Dt in order to produce a current flow in Rt? {e) What are the 
magnitude and polarity of the voltage developed at point A when a current of 1/ia 
flows through Rz't (f) What voltage wiU the avc line have under the condition in part 

(ff) What is the time constant of the avc filter? (h) What is the time constant 
of the diode load resistor and the diode by-pass capacitor Ci? (i) What impedance 
does the capacitor Ci offer to the lowest a-f current, ammining it to be 50 cycles^ 
(j) What purpose does the capacitor Ci serve? 



CHAPTER VI 
TUNING CIRCUITS 

Tuning is the process of adjusting the capacitance or inductance of a 
tuned circuit in order to select the signals of a desired station. Tuning 
circuits, therefore, form an essential part of all radio receivers. Select¬ 
ing a desired signal is only one of the three important functions performed 
by the tuning circuit. In addition to selecting the desired signal, it 
must reject all undesired signals. In most instances the tuning circuit 
also accomplishes an increase in the voltage of the desired signal before 
passing the signal on to the following circuit. This increase in voltage 
is due to the action of a tuned resonant circuit as explained in Art. 2-20. 

6-1. Tuning. Operating Characteristics. The ability of a radio 
receiver to accomplish each of its three functions is referred to as its 
sensitivity, selectivity, and fidelity. 

Sensitivity is a measure of the ability of a receiver to reproduce, with 
satisfactory volume, weak signals received by the antenna. It may 
further be defined as the minimum strength of signal input required to 
produce a specified a-f power output at the loudspeaker; it is generally 
expressed either in microvolts or in decibels below one volt. Theo¬ 
retically, it would be desirable to have the sensitivity as high as possible 
in order to receive weak signals from distant stations. Practically, 
however, there is a limit beyond which the sensitivity should not be 
increased. This point is reached when the strength of the noise signals, 
caused by static and electrical appliances, exceeds the strength of the 
desired signal. 

Selectivity is a measure of the ability of a receiver to reproduce the 
signal of one desired station and to exclude the signals from all others. 
The selectivity of a receiver (or a tuning circuit) is generally expressed 
in the form of a graph, also referred to as a response curve, showing the 
signal strength at its resonant frequency and the variation in signal cur¬ 
rent when the frequency is varied a specified amount above and below the 
frequency of resonance. When the sensitivity of a circuit is increased, 
its selectivity must also be increased in order that the circuit will reject 
the signals from unwanted stations. 

Fidelity is a measure of the ability of a receiver to reproduce faith¬ 
fully all the frequencies present in the original signal. The fidelity of a 
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receiver is generally expressed in the form of a graph showing the ratio of 
the actual output to the output at a standard audio frequency of 400 
cycles. For good fidelity of reproduction, the band width as shown by 
the selectivity graphs should be great enough to accommodate all the 
frequencies of the signal to be received. 

The Response Curve, The process of selecting the carrier wave of a 
desired station is called tuuiug. This may be accomplished by adjusting 
one or more components of a series tuned circuit so that its resonant 
frequency will be equal to that of the desired carrier wave. The imped¬ 
ance of the tuned circuit at resonance will be at its minimum value, there¬ 
fore, the current in the tuned circuit produced by the desired station 
will be at its maximum value. As the resonant frequency of the tuning 
circuit is varied, either above or below the frequency of the desired sta¬ 
tion, the impedance of the circuit mil increase and the signal current of 

the desired station will therefore 
decrease. A graph showing the 
current flow in a tuned circuit at 
resonance and the decrease in 
current flow at frequencies off res¬ 
onance is referred to as a response 
curve, A typical response curve 
is shown in Fig. 6-1. 

Ideal Response Curve, A trans¬ 
mitted wave is made up of the 
. ^ ^ „ carrier wave modulated by two 

I--Frequency side bands whose frequencies are 

Fig. 6-1.—Relation ^©^weeri actual and equal to the frequency of the car- 
ideal response curves, (a) Actual response . , . 

curve, (6) ideal response curve. Her Wave plus Or minus the fre- 

quency of the audio signal. For 
ordinary broadcast transmission, the maximum frequency of the audio 
signal is generally accepted as 5 kilocycles, and for high-fidelity trans¬ 
mission it is generally 10 kilocycles. The side bands of a mc^ulated 
carrier wave will therefore vary up to 5 kc above and below its carrier 
frequency for ordinary broadcast signals and up to 10 kc for high-fidelity 
transmission. For example, an ordinary broadcasting station operating 
on a carrier frequency of 1000 kc will have side-band frequencies ranging 
from 995 to 1006 kc; for high-fidelity transmission the frequency of the 
side bands will vary from 990 to 1010 kc. 

In order to reproduce the signals as transmitted, the ideal response 
curve should have a fiat top and straight sides, so that it may pass a lO^kc 
band for ordinary broadcast and a 20-kc band for the reception of high- 
fidelity signals (Fig. 6-1). Although it is impossible to obtain this ideal, 
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it can be closely approximated by the proper use of resonant circuits. 
Three methods of increasing the fidelity, sensitivity, and selectivity of a 
receiver are: (1) increasing the circuit Q, (2) using two or more tuned 
circuits, (3) use of a band-pass amplifier. Increasing the circuit Q is 
accomplished by decreasing the circuit resistance and thereby increasing 
the slope of the resonant curve (see Figs. 2-38 and 3-14). Tliis is one of 
the many principles of resonant circuits as described in Arts. 2-19 to 
2-24 and taken up in detail in Chap. XI of the authors' Electrical Essen¬ 
tials of Radio. The circuit actions of the two other methods are dis¬ 
cussed later in this chapter. 

Radio Channels. It is evident from the above discussion that each 
transmitting station requires a band 10 kc wide for ordinary broadcasting 

ABC 
Carrier Carrier Carrier 



Fig. 6-2.—Relation between carrier wave, side bands, and channels. 

stations and 20 kc wide for high-fidelity transmitters. This band is 
referred to as a radio channel. In order to prevent interference between 
two stations operating on adjacent channels there should be a difference 
of at least 10 kc between their carrier frequencies (Fig. 6-2). For the 
same reason, the tuning circuit of a receiver should be capable of 
selecting signals from stations approximately 10 kc apart without anj 
interference. In the broadcasting range extending from 650 to 1600 kc, 
106 channels are available. At present there are approximately 900 
stations assigned to these channels. Under this crowded condition more 
than one station may be operating on the same frequency; also, the side 
bands from adjacent channels may overlap the signals of more than one 
station. This interference between stations transmitting on the same 
frequency or operating partly within the same channel may produce a 
hum, wl^tle, or crosstalk in the receiver. 
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In order to prevent this annoying interference between stations, the 
Federal (Communications Commission has set up a zoning system and 
accordingly assigns the carrier frequency to broadcasting stations so 
that the interference is reduced to a minimum. Furthermore, stations 
are licensed as to the amount of power they may use, and in some cases 
they are also limited as to the hours during which they may broadcast. 
For example, only four stations are at present assigned to the 710-kc 
channel, namely, WOR at New York, KIRO at Seattle, KMPC at Los 
Angeles, and WFTIj at Ft. Lauderdale, Fla. All four stations employ 
high-power transmitters, the first two operating with 50,000 watts and 
the last two with 10,000 watts, but because of the great distance between 
these stations they do not interfere with one another and may therefore 
operate on a continuous time schedule. On the other hand, there are at 
present more than 80 stations assigned to the 1240-kc channel, with as 
many as five stations in the same state assigned to the same channel. 
The licensed power of these stations varies from 50 watts to 250 watts 
and some of the stations are restricted to operating at only certain hours 
of the day. ^ 

The ability of a receiver to mffimize this interference will depend on 
the selectivity of its tuned circuits. In order to eliminate the inter¬ 
ference from adjacent stations, the selectivity will have to be increased. 
This reduces the width of the respodlse curve and may decrease the 
fidelity of the receiver, since the higft notes may not be reproduced. 
For example, if the selectivity is ind^ased so that the width of the 
response curve is reduced to 8 kc, only 4 kc of the 5-kc side bands as 
transmitted are reproduced. Under this condition all audio signals of 
frequencies between 4000 and 5000 cycles will not be reproduced by this 
receiver. By decreasing the sensitivity of the receiver the strength of 
the interfering signals can be reduced so that they will not be heard, 
providing the strength of the desired signal is from 20 to 50 times greater 
than the strongest undesired signal. 

6-2. Circuit Elements. Types of Variable Capcicitors. Although tun¬ 
ing can be accomplished by varying either the value of the inductance 
or capacitance of the tuning circuit, the method most commonly used 
is by varying the capacitance. Three types* of variable capacitors are 
used in tuning. These are referred to as straight-line-capacity y straight- 
line-wavelength, and straight-line^ffequency; they are commonly abbre¬ 
viated as SLC, SLW, and SLF respectively. 

With a capacitor of the straighHine-capadty type, the capacitance 
increases in a direct ratio with the amount of rotation of its movable 
plates (see Fig. 6-3a). For example, if such a capacitor is rotated so 
that the rotor plates are one-quarter in mesh with the stator, its capaci- 
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tance will be one-quarter of its total value; if the rotor plates are one- 
half in mesh with the stator, its capacitance will be one-half of its total 
value, etc. If an SLC capacitor is used in the tuning circuit of a broad¬ 
cast receiver, most of the stations to be tuned in will appear on one-half 
of the dial (see Fig. 6-3a). This is so because the resonant frequency of a 
tuned circuit does not vary in a direct ratio with changes in its capacitance. 
It will also be observed that the upper half of the frequency band (1075 
to 1600 kc) will appear on approximately only one-eighth of the dial. 
Furthermore, when this type of capacitor is used it is very diflScult to 
separate the signals from adjacent stations in the upper half of the fre¬ 
quency band. 




Fig. 6-3.—Frequency distribution obtained with three types of variable capacitors 
(a) Straight-line-capacity, (6) straight-line-wavelength, (c) straight-line-frequency. 

The first attempt to remedy this condition was the use of the straight- 
line-wavelength capacitor. In this type of capacitor the area of the rotor 
plates is. reduced on the side that first enters into mesh with the stator 
plates, so that the wavelength of the tuned circuit increases in a direct 
ratio with the amount of rotation of the movable plates. With this 
type of rotor plate the capacitance increases very slowly at first but 
increases at a faster rate as the plates go further into mesh. If an SLW 
capacitor is used in the tuning circuit of a broadcast receiver, most of 
the stations to be tuned in will appear on approximately three-fourths 
of the dial (see Fig. 6-35). Furthermore, the stations in the upper half 
of the frequency band will appear on approximately one-third of the 
dial. 
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While the SLW capacitor made it possible to attain better selectivity 
than with the SLC capacitor, it was still difficult to separate signals from 
stations of carrier frequencies greater than 1100 kc. This difficulty was 
overcome by the use of rotor plates shaped so that the resonant frequency 
of the tuned circuit would vary directly with the amount of rotation of 
the capacitor. Such capacitors are called straight-line-frequency capaci¬ 
tors. The rate of increase in capacitance at the high frequencies is 
decreased by cutting off the side of the rotor plate that first enters into 
mesh with the stator at a sharper angle than was done with the SLW 
capacitor. The rate of increase at the low frequencies was accelerated 
by tapering the opposite side of the rotor plate (see Fig. 6-3c). With 
this type of capacitor the resonant frequency of the tuned circuit varies 
in direct proportion to the amount of rotation of the variable capacitor. 



(a) . 

Fig. 5-4.—Commercial types of capacitors, (a) Straight-line-capacity, {h) straighl-line- 
wavelcngth, (c) straight-hne-frequency. {Courtesy of National Company^ Inc.) 


All the preceding discussion of variable capacitors is based on 180 
degrees of rotation of the rotor plates. By increasing the amount of 
rotation to 270 degrees the capacitor can be made more compact. The 
selectivity obtainable is also improved as the 1100-kc range (500 to 
1600 kc) is spread over 270 mechanical degrees instead of 180 degrees. 
A commercial form of this type of capacitor is shown in Fig. 6-4c. Three 
additional methods commonly used to obtain compactness for SLF 
capacitors are: (1) using a greater number of rotor plates of a smaller 
surface area, (2) using thinner plates and a smaller air gap, (3) using 
semicircular rotor plates and varying the design of the stator plates. 
Practically all the tuning circuits of a radio receiver now use a compact 
form of variable capacitor. 

R-F Tuning Coils, The secondary winding of an r-f transformer 
provides the fixed inductance that is used with the variable capacitor 
to form the tuned circuit of a radio receiver. In this type of circuit the 
input signal flows through the primary winding of the r-f transformer 
and by means of the mutual inductance between the two windings the 
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signal is transferred to the secondary. The variable capacitor and the 
secondary winding form a s(»ries resonant circuit, which must be tuned 
to the frequency of the desired station. The value of the inductance 
required in the secondary winding will depend on the frequency range 
desired and the value of the capacitance of the variable capacitor that is 
used. From Art. 2-20 it can be seen that increasing the inductance of 
the secondary coil increases the amount of voltage developed across this 
winding, thus increasing the gain of the tuned circuit. Furthermore, it 
has been shown in Art. 2-23 that increasing the inductance of the coil 
also increases the circuit Q (if the resistance remains constant), which 
in turn also increases the selectivity of the tuned circuit. It was also 
shown in Art. 2-23 that the selectivity of the series tuned circuit is 
dependent on the LC ratio. 

The amount of inductance that should be used is such a value that 
when combined with the distributed capacitance of the secondary wind¬ 
ing and the minimum capacitance of the tuning capacitor it will form a 
resonant circuit whose frequency of resonance is equal to or greater than 
the highest frequency desired. For ordinary broadcast reception this 
frequency is approximately 1600 kc. The maximum value of the variable 
capacitor must be equal to the amount of capacutancc required to decrease 
the frequency of resonance of the tuned circuit to the minimum desired 
frequency. For ordinary broadcast reception this frequency is approxi¬ 
mately 550 kc. 

Example 6-1. It is desired to determine the inductance required in the secondary 
winding of an r-f transformer and it is assumed that the distributed capacitance of 
the winding and the circuit wiring is 23 fxfii (considered acting in parallel with the 
tuning capacitor), (a) What value of inductance is required in order to obtain 
resonance at 1600 kc if the minimum value of the variable capacitor is 17 fxfjtil (h) 
What value of capacitance must the capacitor have if it is desired to tune in stations 
as low as 550 kc with the coil used in part (a)? 

Given: Find: 

Cu * 23 /x^f («) ? 

Cv = 17 MMf (niin.) (6) CV = ? 

/ = 1600 kc (a) 
f = 550 kc (6) 


Solution: 
(a) L = 


25,300 


25,300 


( 6 ) 


Ct 

Cv 


pc 
25,300 
' PL “ 
‘ Ct -Cd 


1600* X (17 -f 23)10-« 
25,300 


246/xh 


550* X 246 ’ 
» 340 - 23 


0.0003399 pi or 340 ppl 
317 ppi 


Variable capacitors used for only broadcast reception generally have 
a maximum capacitance of 350 ppi. The above example shows that the 
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inductance of the secondary winding used with this capacitor would have 
to be approximately 250 /xh in order to be able to tune in a signal of 550 
kc. The inductance of an r-f coil whose length is considerably greater 
than its diameter will vary in direct proportion to the square of the num¬ 
ber of turns, to the square of the diameter, and in an inverse proportion 
to its length (see Art. 2-3). From this statement it would seem that the 
inductance required for an r-f coil can best be obtained by using a short 
coil having a large diameter and a grc'at number of turns. In the early 
stages of radio development the r-f coils were designed along these 
lines. These early coils had a diameter ranging from three to five inches, 
a length of approximately three-quarters of an inch, and approximately 
75 turns. Further study and experimentation have shown that the 



physical dimensions of r-f coils should be as small as possible. This fact 
led to the development of coils whose length and diameter were approxi¬ 
mately equal. This is the type of coil that is generally used and its 
diameter will vary from a half-inch to one inch. A few of the different 
types of commercial coils are shown in Fig. 6-5. The theory of inductance 
and r-f coils is taken up in detail in Chap. VIII of the authors' Electrical 
Essentials of Radio, 

6-5. Short Waves. Frequency Ranges, Short-wave radio communi¬ 
cation makes use of waves whose frequencies are higher than those 
employed in ordinary broadcast transmission and reception. Thus 
stations operating on frequencies above 1600 kc are commonly referred 
to as short-wave stations. Their carrier waves are generally expressed 
in either megacycles or meters; for examplci a station operating at 30,000 
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kc may be referred to as operating on either the 30-mc band or on the 
10-meter band. For frequencies above 1600 kc, various bands are 
allocated to the different types of communication service, such as ama¬ 
teur, aircraft, ship to shore, police, point to point, and long-distance 
commercial telephony. The wavelengths and frequencies for the various 
types of short-wave communication services are shown on the chart 
illustrated in Fig. 1-9. 

Characteristics of Short-wave Communication, In general, the oper¬ 
ating characteristics of short-wave and broadcast communication are 
similar. However, there are features of short-wave communication 
that are not common to those used in broadcast. These characteristics 
are: (1) less power is required to transmit high-frequency signals over 
great distances than is needed for low-frequency signals; (2) the dis¬ 
tances reached by short-wave signals during the daylight hours will 
become greater as the frequency of transmission is increased; (3) night¬ 
time reception is very poor, especially for signals of frequencies greater 
than 13 me; (4) the reception in terms of signal strength is very irregular, 
that is, it may be strong one day and weak the next or it may even vary 
during the same day; (6) short-wave signals may be received perfectly 
at distant points from the transmitter and not be received at all at certain 
localities that may be near the transmitter, this phenomenon being 
known as skipping. 

Short-wave Bands. If a portion of the short-wave range extending 
from 1600 to 60,000 kc is considered, it will be seen that this range 
covers a span of 58,400 kc. If this span were to provide channels of 
10-kc width, there would be 5841 channels for this span alone, as com¬ 
pared to 106 channels for the broadcast range. This is one of the many 
reasons for using the short-wave channels for the transmission of fre¬ 
quency modulation and television signals. 

For broadcast reception, it is possible to use a single coil and capacitor 
for each stage of tuning. Because of the width of the frequency range 
to be covered and the large number of stations that can be accommodated, 
a system employing a single coil and capacitor is not practical for short¬ 
wave reception. If a short-wave receiver were to cover a range of from 
1.6 to 60 me with a single range and had a dial marked with 100 divisions 
to cover 180 degree of rotation of the variable capacitor, it would mean 
that for an SLF capacitor each division would represent 584 kc. It can 
readily be seen that if such a system were used to tune stations operating 
on a 10-kc channel, 68 channels may be tuned in or out by moving the 
dial just one division. It is obvious that such a condition is not prac¬ 
tical. Furthermore, it is impossible to design a combination of a single 
fixed coil and a variable capacitor to cover this entire range^. Every 
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variable capacitor has some amount of capacitance even when the rotor 
plates are completely unmeshed from the stator. This minimum capaci¬ 
tance of the capacitor, plus the distributed capacitance of the coil and 
the stray capacitances existing in the tuned circuit, makes it impossible 
to design a single combination of coil and capacitor that will tune the 
high- and low-frequency bands satisfactorily. 

In order to correct this condition, the short-wave frequency span is 
divided into a number of bands. The frequency limits of each of these 
bands will vary with the type of radio and the manufacturer. This 
variation is illustrated in Table VI-I, which lists the frequency limits for 
each band of two popular makes of radio receivers. A separate coil 


T4BLK VI-I 


Band 

Set A 

Set B 

Broadcast 

530 to 1550 kc 

550 to 1600 kc 

1 

1 5 to 4 2 me 

1 5 to 5 5 me 

2 

4 0 to 11 5 me 

5 4 to 15 5 me 

3 

11 to 23 me 

15 to 42 me 


designed to cover the frequency range for each band desired is generally 
used with a common variable capacitor. 

6-4. All-wave Receivers. Variable Inductance, Radio receivers 
may be made to tune the broadcast band and one or more short-wave 
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of varying the inductance is accomplished by use of a series of plug-in 
coils (see Fig. 6-6), each coil being designed for a definite frequency range. 
The value of inductance required for these coils is determined by the 
maximum capacitance of the tuning capacitor and the lowest frequency 
of the desired band, as illustrated in the following examples. 


Example 6-2. A 320-nn{ varia]>le capacitor having a minimum capacitance of 
13.5 iJLpf is used in the tuning circuit of the all-wave receiver listed as set A in Table 
VI-I. (a) If the distributed capacitance of the coil is neglected, find the inductance 
of the secondary for each of the coils required, (b) What is the highest resonant 
frequency obtainable for each band? 


Given: 

Cmmx *= 320 fXfxi 
Cmin = 13.5 ppf 


Find: 

(a) Ls for each coil 
(h) Max fr for each band 


Solution: 
(a) Ls = 


25,300 


fmm^C max 


Ls.B — £ 
Ls^i = 

Ls.2 = 
Ls .2 = 

(h) = 

/fl.max ’ 
/l.max * 


25,300 


5302 X 320 X 10-« 
25,300 


1.52 X 10« X 320 X 10-« 
25,300 


- 281 ph 

== 35.1 /th 


4.02 X 10« X 320 X 10-« 
25,300 


= 4.93 ph 


112 X 10« X 320 X 10-8 
159 


= 0.653 ph 


VLCr^ 


159 


fz-nuLX — 
/s^max ~ 


V281 X 13.5 X 10-8 

__ 

VS6,l X 13.5 X 10“8 

_159_ 

a/4'.93 X 13.5 X 10-8 

_^159_ 

\/0';653 X 13.5 X 10-8 


* 2581 kc 
= 7.30 me 
= 19.2 me 
= 53.5 me 


From the above example it can be seen that the maximum frequency 
for each band is much greater than that listed for set A in Table VI-I. 
This is to be expected as the distributed capacitance of the coil and the 
circuit have been neglected. How much this stray capacitance affects 
the frequency range of the tuned circuit may be seen from the results of 
the following example. 

Example 6-3. If the tuning circuit used in Example 6-2 has a distributed circuit 
capacitance of 20 A»A*f, what will the minimum and the maximum frequencies be for 
each band of the receiver? 



256 


ESSENTIALS OF RADIO 


[Art. 6-4 


Given: 



Solution: 


Broadcast band: 


Find: 

320 M/if /min and /nm* for each band 

13.5 /i/if 

20 /i/if 


/min 

/mu 


_ 159 

y/L{Cmax + Cd) 
159 

VL(C„,in + Cd) 


Band 1: 


Band 2: 


Band 3: 


/min — 
/max ~ 


159 


V281 X (320 + 20) X 10-« 
_159_ 

\/28r5r(i3:5T^^W3rlo-* 


= 514 kc 
= 1639 kc 


fmin 


_1^9_ 

•\/35Tir(^oT^W30o-« 

_1^_ 

V35.1 X (13.5 + 20) X 10-« 


1.45 me 
4.03 me 


/min- . ^z:z - 3.88 mC 

V4.93 X (320 + 20) X 10"' 

^ 159 

/mu — — /, : : - - = 12.4 mC 

V4.93 X (13.5 + 20) X lO"* 


ymin 


_159_ 

V6r653 X (320 + 20) X 10-» 

_159_ 

\/0.653 X (13.5 + 20) X lO”* 


10.9 me 
34 me 


From the above example it can be seen that the frequency limits of 
each band are approximately the same as those listed for set A in Table 
VI-I. The values of capacitance and inductance used in these problems 
do not necessarily represent the values actually used in the construction 
of the set referred to. The values used have been selected in order to 
illustrate their application in obtaining the various frequency bands. 

It can also be seen that the maximum value of the tuning capacitor 
is too high for the receiver to be able to tune high frequencies if a prac¬ 
tical coil with a reasonable number of turns is to be used. Tuning capaci¬ 
tors having a lower value of maximum capacitance are made with fewer 
plates and therefore also have a lower value of minimum capacitance. 
For this reason a smaller capacitor, generally about 140 /t/if or less, is 
used in the tuning circuits of short-wave receivers. 

Band Svntching with Inductors. In the early type of all-wave receiver, 
changing from one band of frequencies to another was accomplished by 
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interchanging the plug-in-type coils. This was a rather complicated 
process, for in many types of receivers it required opening the cabinet 
of the receiver and substituting the proper plug-in coils for the ones 
inserted in the set at the time. 

This method was not simple enough 
to become very popular. The all¬ 
wave receiver of today uses a much 
simpler process for changing from 
one frequency band to another. 

With this method, the primary 
and secondary windings for each 
band are wound on a single coil 
form (see Fig. 6-5). By means of 
a band selector switch, any set of 
primary and secondary windings 
may be connected into or out of 
the tuning circuit; two types of 
band selector smtches are shown 
in Figs. 6-7 and 6-8. These switches are designed so that the amount of 
coupling introduced between the tuned circuits of the different stages is 
negligible. The switch contacts are usually arranged so that the unused 
coils are short-circuited. If the coils not actually in use are not short- 





Fig. 6-7.—Commercial band switch 
(Courtesy of Hammarlund Manufacturing 
Company, Inc.) 



Fig. 6-8.—Multigang circuit selector switch. (Courtesy of P. R. Mallory & Co., Inc.) 


circuited, the distributed capacitance of these coils may cause them to 
become resonant at some frequency, each within its own band, thereby 
coupling impedances into the coils that are being used. The construe- 
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tion of the switch should provide a low-resistance contact and should also 
provide some means whereby the connections between the coils and the 
switch are made as short as possible. 

Although the wiring of a band selector switch becomes rather com¬ 
plicated, especially when more than one tuning circuit is used, it greatly 
simplifies the operation of the all-wave receiver. The change from one 
band to another is accomplished by merely turning the band selector 
switch to the band desired. 

Band Switching with Capacitors. If a single coil is to be used to cover 
the entire frequency range, it is necessary to adjust the capacitance of 
the tuned circuit for each band desired. This can be accomplished by 
connecting a fixed capacitor in series with the tuning capacitor (see 
Fig. 6-9). The effect of the fixed capacitance is to reduce the capacitance 



Fig. 6-9.—Increasing the frequency range of a tuned circuit by use of a fixed capacitor. 


of the circuit,’ thereby increasing its resonant frequency. The value of 
the inductance required may be found by the following equations: 


L = 
L = 


25,300 

/i*Ci 

25,300 

/2*C 


(6-1) 

( 6 - 2 ) 


where L = inductance of the tuning circuit, microhenries 

/i = frequency to which the circuit will tune without the fixed 
series capacitor, kilocycles 

fi = frequency to which the circuit will tune with the fixed series 
capacitor, kilocycles 

C\ = capacitance of the tuning capacitor, microfarads 
C = capacitance of the series circuit formed by the tuning capaci¬ 
tor and the fixed capacitor, microfarads 
As the inductance is the same in Eqs. (6-1) and (6-2), then 

25,300 _ 25,300 
dividing both sides by 25,300 

1 _ 1 

/i*Ci uc 


(6-4) 
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and 



(6-5) 


Note: Ci and C may be expressed in either fii or /it/uf providing both 
are in the same units. Also, fi and /2 may be expressed in cycles, kc, 
or me providing both are in the same units. 

Equation (6-5) is very useful in solving for the amount of capacitance 
necessary for any desired frequency range when only one value of induc¬ 
tance is to be used. The value of capacitance C 2 that must be connected 
in series with the original tuning capacitor Ci in order to obtain the 
required capacitance C may be determined by the use of the equation 


Example 6-4. A certain tuned circuit using a 200-/xMf tuning capacitor tunes from 
500 kc to 1500 kc. What value of series capacitance C 2 (see Fig. 6-9) is recpiired in 
order to provide a second band whose minimum frequency will be 1500 kc? 

Given: Find: 

/i = 500 kc C 2 « ? 

u - 1500 kc 
Cl - 200 MMf 


Solution: 


/,2Ci 500 X 500 X 200 

^ ~ i500 X 1500 

CCi 22.22 X 200 


= 22.22 ixfii 


C2 


Cl - C 200 - 22.22 


= 25 MMf 


From Example 6-4, it can be seen that in order to obtain resonance 
at 1500 kc the capacitance of this tuned circuit must be 22.22 fi/d. 
Therefore, in order for the circuit to be resonant at 1500 kc without the 
series capacitor, the minimum capacitance of the tuning capacitor must 
be 22.22 nnf. The maximmn resonant frequency obtainable when the 
series capacitor is used will depend on the value of the inductance, which 
remains constant, and the capacitance of the series circuit formed by 
the minimum capacitance of the tuning capacitor Ci and the fixed 
capacitor C 2 (Fig. 6-9). 

Example 6-6. The tuning circuit of Example 6-4 is capable of tuning from 600 kc 
to 1600 kc with its tuning capacitor alone, the capacitor having a maximum capaci¬ 
tance of 200 ppi and a minimum capacitance of 22.22 The frequency range of 
the circuit may be extended by connecting the capacitor Cz of Fig. 6-9 into the circuit 
as indicated in Example 6-4. (a) What value of inductance is required for this cir¬ 

cuit? (6) What is the minimum resonant frequency of the circuit when a 25-iiiif 
capacitor is connected in series with the tuning capacitor (see Fig. 6-9)? (c) What 



260 


ESSENTIALS OF RADIO 


[Art. 6-4 


is the maximum resonant frequency of the circuit when a capacitor is connected 

in series with the tuning capacitor? (d) What is the frequency range of the tuning 
circuit for both bands? 


Given: 

Ci.m*x “ 200 /X/Jif 

0 1'tnin ^ 22.22 /i/if 

/r-band 1 = 500 to 1500 kc 
Ci = 25 /i/if 


Find: 

(o) L * ? 

(5) frt vnin baUd 2 

(c) band 2 

(d) frequency range of both bands 


Solution 

(a) 


ib) 


(c) 


(d) 


j _ 25,300 _ 25,300 

500 X 500 X 200 X 10"® 
Ci.toBxC2 200 X 25 


-r = 506 /ih 


Cnu. 

jftnin 

Orait 

/mu 


Ci.mu 4" C 2 
159 


200 -f 25 
159 


22.22 /i/if 


Vlc ^ V506 X 22.22 X io-» 
Ci.mipCj _ 22.22 X 25 


1500 kc 


C l. tnitt 4” O2 

159 


' 22.22 4* 25 
159 


LOmxn 
frequency range 


V 5 O 6 X 11.76 X 10-» 
: 500 to 2061 kc 


11.76 /i/if 

2061 kc 


Effect of Distributed Capacitances. In the preceding examples and 
discussion the distributed capacitance of the coil and the tuning circuit 
was neglected in order to simplify the explanations and the examples. 
In actual practice these capacitances must be taken into consideration 
because they increase the minimum and maximum capacitance of the 
tuning circuit and hence change its frequency range. 


Example 6-6. What is the frequency range of each band of the tuning circuit of 
Example 6-5 if the distributed capacitance of the coil and circuit is to be considered 
and its value is 20 /x/xf? (Note: Use the value of inductance found in part (a) of 
Example 6-5.) 


Given: 

Ui.mu “ 200 /i/xf 
Ci.min = 22.22 /x/xf 

Ct = 25 /x/xf 
Cd = 20 /t/xf 
L « 506/xh 


Solution: 


Find: 

frequency range, Band 1 
frequency range, Band 2 


Band 1: 



Uin|o 

/tnu 


Ci.mu 4" Cn - 200 4- 20 - 220 /x/xf 

. 476 

VLC^ Vsoe X 220 X 10 -* 

Ci.min + Ci) - 22.22 + 20 - 42.22 
159 _ 159 _ 

VLC^ " Vsoe X 42.22 X 10-* 


1088 kc 
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Band 2: 


Cxnax « Cmax 2 + « 22.22 + 20 * 42.22 ,x4 

^ - 159 159 

ViCma, V506 X 42.22 X JO « 

Cmin = Cmin.2 + Cd » 11.76 + 20 * 31.76 M/xf 

^ _ 159 _ 159 _ 

J mm. x — ■' ■' $ — — *—y - -c:::!..., — — 1254 KC 

VLCmia V506 X 31.76 X 10“8 


From the above example it can be seen that a small amount of dis¬ 
tributed capacitance in the tuned circuit will decrease its frequency 
range considerably. It is therefore important that the stray capacitances 
in a tuned circuit be kept at a minimum. 

By using several fixed capacitors of different values and a rotary 
switch, a number of different frequency bands can be obtained. A cir¬ 
cuit using this system is shown in Fig. G-10. 



Band Switching Using Both Inductors and Capacitors. Although the 
frequency range of a tuned circuit may be increased by changing the 
amount of either its capacitance or its inductance, a number of receivers 
change both. This method is much more expensive, since a greater 
number of parts is required and the wiring of the selector switch becomes 
quite complex. With this type of receiver it is possible to obtain straight- 
line-frequency reception on all bands. Figure 6-11 illustrates an all-wave 
coil assembly that uses separate coils and capacitors for each band. A 
rotary switch is used to connect the proper units into the circuit for the 
particular band selected. 

6-6. Bandspread. Frequency Range of the Individual Bands. The 
use of separate coils or fixed capacitors provided a means whereby it 
was possible to cover the broadcast band and a number of short-wave 
bands with one receiver. To eliminate the possibility of a gap between 
two adjacent bands, the coils are usually designed to overlap the extreme 
frequencies of the adjacent bands. Generally, the maximum resonant 
frequency of each band is chosen as some multiple of its minimum fre¬ 
quency. Broadcast receivers use a ratio of 3 to 1, while for high-fre¬ 
quency bands ratios of less than 1.6 to 1 are sometimes used. 
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Fiq. 6-11.—All-wave tuning unit, (a) The tuning unit, (6) coil assembly, (c) circuit diagram. (Courtesy of Meissner Manuf<icturing Divii 

Maguire Industries, Inc,) 
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To facilitate tuning, it is essential that the tuning range for each 
band occupy practically the entire scale of the dial. Because of the 
varying widths of these bands, special tuning circuits are used to obtain 
the correct maximum-minimum capacitance ratio for each band. This 
process is called bandspreading and is accomplished by connecting a 
small adjustable capacitor in series, parallel, or combination with the 
main tuning capacitor, as shown in Fig. 6-12. 

Trimmers. The operation of these auxiliary capacitors is based on 
the principle that the capacitance of a circuit is increased by connecting 
capacitors in parallel and decreased by connecting them in series. 

Example 6-7. A 20-pfd auxiliary capacitor, C 2 of Fig. 6-12a, is connected in 
parallel with a tuning capacitor Ct having a range of 10 /ipi to 100 pui. What is the 
range of capacitance of the combined circuit? 

Given: 

C 2 = 20 /i/if 

“ 10 ptfjl 
Cuumx = 100 /i/if 

Solution: 

Cmin *= Cl.mia + C 2 = 10 + 20 = 

Ctnax “ Cl.nua + C 2 =* 100 + 20 

Range = 30 /i/if to 120 /i/if 

Example 6-8. What is the range of the combined circuit of Example 6-7 if a 
100 -/i/if auxiliary capacitor is used in place of the 20-/i/if capacitor? 

Given: Find: 

C 2 =* 100 /i/if Cmin to Cms 

Ci.mm =* 10 /i/if 

Cl.XDMX ^ 100 /i/if 

Solution: 

^^min ”1“ Cj - 10 + 100 - 110 

Cmmx - Cl.nmx + Cj - 100 + 100 «= 200 ;»Mf 
Range 110 p/if to 200 /tjuf 

From Example 6-7 it can be seen that adding a 20-^/(f auxiliary 
capacitor in parallel with the 10- to lOO-niii tuning capacitor increases 
its range to 30 to 120 nnf. Also, from Example 6-8 it can be seen that 
adding a lOO-jujuf auxiliary capacitor in parallel with the tuning capacitor 
increases the range to 110 to 200 md. It should be noted that in each 
case the greatest per cent of increase occurs at the minimum value of 
capacitance. If the auxiliary capacitor is made adjustable between the 
values of 20 n/d and 100 n/d, then a large number of minimum and maxi¬ 
mum values of capacitance can be obtained to produce a corresponding 
bandspread. Such an adjustable capacitor is generally referred to as a 
trimmer. Trimmers have the same effect on a tuned circuit as does dis¬ 
tributed capacitance. The effectiveness of the trimmer capacitor can 


Find: 

to Cn.^ 


= 30 itfii 
= 120 w*f 
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therefore be seen by referring to Examples 6-2 and 6-3, where the effect 
of including a distributed capacitance of 20 MAtf showed a change in the 
broadcast frequency limits from 530 to 2581 kc to 514 to 1639 kc. 

Padders. In order that a desired frequency range may be obtained, 
it is sometimes desirable to restrict the maximum capacitance of the 
tuning circuit without greatly changing its minimum value. To accom¬ 
plish this, an auxiliary capacitor, C 2 of Fig. 6-126, is connected in series 



(a) (6J 



(c) (d) 

Fia, 6-12.—Trimmer and padder capacitors connected to produce bandspread and band- 

compression. 


with the secondary coil L and the tuning capacitor Ci. This capacitor 
is called a padder and is also made adjustable so that the minimum 
capacitance of the tuning circuit can be kept fairly constant. 




Example 6-9. A 20-MMf to 200-MMf adjustable capacitor, C 2 of Fig. 6-126, is con¬ 
nected in series with the tuning capacitor Ci, having a range of 10 /i/if to 100 ft/d. 
What is the range of capacitance of the combined circuit if the adjustable capacitor 
is set at 20 $t/dl 

Given: Find: 

Ca 20 ftfli Cnain tO Cm»x 

Cundn 10 ftfd 

Cl.taax 100 fifd 



Solution: 
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Example 0-10. Wlmt is the range of the combined circuit of Example 6-9 if the 
padder capacitor is set at 200 /n/uf? 

Given: Find: 

C 2 ~ 200 Cwin C/xoax 

Ci.min = 10 tlfd 

Ci.max = 100 

Solution: 

Gmin 
Gnia» 

Range 

From Example G-9 it can be seen that adding a 20-/x/xf capacitance in 
series with the 10-100 mA tuning capacitor decreases its range to 6.66- 
16.66 /Li/if. Also, from Example 6-10 it can be seen that adding a 200-/i/if 
capacitance in series with the tuning capacitor decreases the range to 
9.52-66.66 /i/if. It should be noted that in each case the greatest per 
cent of decrease occurs at the maximum value of capacitance, hence 
the padding capacitor has comparatively little effect on the minimum 
capacitance of the tuning circuit but definitely controls its maximum 
capacitance. 

Radio receivers sometimes employ both trimmers and padders in 
order to obtain the desired bandspread; such a circuit is shown in Fig. 
6-12c. The desired frequency limits are obtained by adjusting these 
two capacitors to the corre(;t values. Another method sometimes used 
is to connect the trimmer across only part of the secondary coil L as 
shown in Fig. 6-12d. The amount of bandspread increases as the tap 
is made closer to the bottom of the coil. 

Example 6-11. The tuning circuit of the oscillator section of a superheterodyne 
receiver is to be adjusted so that it will always tune 466 kc higher than the tuning 
circuit of the receiver, whose frequency limits are to be 630 kc and 1660 kc. A circuit 
similar to that shown in Fig. 6-12c is to be used and the circuit elements are to have the 
following values: L = 200/ih, Ci.min ** 12.6Ci.max =* 260 ^Mf, and C 2 » 6.6 
The distributed capacitance of the circuit is 16 pyi- (a) What value of padder capaci¬ 
tor Cz is required when the tuning circuit is adjusted to its minimum frequency? 
(6) Using the padder capacitance as calculated in part (o), what is the resonant fre¬ 
quency of the oscillator section when the tuning circuit is adjusted to its maximum 
frequency? 

Given: 

/ « 530 kc to 1650 kc 
Cl = 12.5 to 260 pyi 
Cz - 6.5 ptd 
Cd 16 MA*f 
L «> 200 Alb 


Find: 

(а) Cz - ? 

( б ) 


C MninCg 

Cl.mm 4* C 2 

Ci.niaxC2 


Ci.^uax + C 
= 9.52 uuf to 66.66 uuf 


200 _ . . 

10 + 200 ® 

10 0 X 200 _ „. „. , 

100 + 200 
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Solution: 


(a) 


(fc) 


= /min + 465 = 630 + 466 - 996 ko 


C,. 

C, 


127.7 M/xf 


25,300 ^ 25,300 

(faao>nun)^C 995* X 200 
(C'l. nmx "H C^(Ct nun — t7/>) 256.5 X 112.7 


(C’l.nnm + Ci) - (C'J.nun - Cd) 256.5 - 112.7 
“ (^Sfr^rtVa + “ 19 + 201 + 15 = 32.35 


159 


159 


^/LC uiin V200 X 32.35 X 10-« 


= 1976 kc 


tifii 

fifxi 


The maximum frequency of the oscillator as calculated in Example 
6-11 is equal to 1976 kc instead of 2016 kc (1550 + 465). By properly 
adjusting the trimmer capacitor C 2 , the correct value of maximum fre¬ 
quency can be obtained. As any change in the value of trimmer capaci¬ 
tance will have only a slight effect on the maximum value of capacitance 
of the entire circuit, the minimum frequency will remain practically the 
same. Adjusting the trimmers and padders in order to obtain the correct 
oscillator frequency will be taken up in greater detail in Chap. XIV. 

Bandspread Tuning, Dials used for tuning generally have a rotation 
of 180 mechanical degrees. With such a dial, the amount of change in 
kc for each degree of rotation will vary with the amount of bandspread. 
On the broadcast band, 550 to 1600 kc, each degree would represent a 
change of 1650 divided by 180, or approximately 5 kc. As there should 
be at least a 10-kc difference between adjacent stations, there is no 
problem in tuning a desired station on the broadcast band. 

On the short-wave bands, tuning a desired station becomes quite diffi¬ 
cult and increases in difficulty as the frequency of the band is increased. 
This can be seen by observation of the frequency bands in set A of Table 
VI-I. For this receiver the approximate kilocycle change for each degree 
of rotation will be 15 kc for band 1, 41.6 kc for band 2, and 66.6 kc for 
band 3. Two methods are used to spread the amount of kilocycle change 
over a greater portion of the dial, one mechanical and the other electrical. 

The mechanical method employs a geared dial that causes the variable 
capacitor to move at a slower rate than the dial. The greater the ratio 
between the two gears, the slower will be the movement of the variable 
capacitor. However, there is a limit to the amount the gear ratio can be 
increased without producing a backlash. In general, this method is not 
very efficient as in order for it to be really effective a precision dial must 
be used and its cost is prohibitive for the average set. 

The electrical method utilizes the principle of the trimmer capacitor 
to obtain bandspread. A midget or micro variable capacitor, depending 
on the frequency band, is substituted for C 2 (Fig. 6-12). This small 
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capacitor is usually referred to as a bandspread capacitor. In order to 
receive signals from a station transmitting at 16.28 me, the main tuning 
capacitor Ci would be adjusted to approximately 16 me and the band- 
spread capacitor would be used to tune the circuit to 16.28 me. The main 
tuning capacitor is used to adjust the tuning circuit to approximately 
the desired frequency. The bandspread capacitor is used to obtain the 
exact frequency, as a considerable movement of this capacitor will only 
change the resonant frequency by a small fraction of a kilocycle. 

These two methods of bandspread tuning are usually found only in 
receivers specially built for radio amateurs^ use. The average all-wave 
f receiver generally does not have 

t now all the tuning circuits have 

factory reception, hence in order to 
obtain the desired selectivity a 
^ ^ number of similar tuning stages 

Fio. 6-13.—Bandspread tuning capacitor. Sometimes USed. The Sclec- 

{Courtesy of Meissner Manufacturing Division tivity of the receiver will then be 
Maguire indu^rU,, Inc.) dependent on the selectivity of 

each stage and the number of stages used. The manner in which the selec¬ 
tivity is improved by increasing the number of tuned circuits can be seen 
by observation of Fig. 6-14. The frequency of resonance for each timed 
circuit is 1000 kc. The signal output at the resonant frequency is 
assumed to be 100 per cent. The signal output at all other frequencies 
will therefore be a definite percentage of this output. Assuming that 
the characteristics of each tuning circuit are the same, the percentage of 
the input signal, for all frequencies above and below resonance, can be 
represented by the response curve for the first stage of tuning. For 
example, at 5 kc off resonance, that is, 995 kc or 1005, the input signal is 
reduced to 92 per cent as represented by the response curve for the first 
stage of tuning. The output from the second stage for this frequency 
would be equal to 92 per cent of 92 per cent, or 84.6 per cent. The output 
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from the third stage for the same frequency would be 92 per cent of 84.6 
per cent, or 77.8 per cent, and that for the fourth stage would be 92 per 
cent of 77.8 per cent, or 71.6 per cent. This procedure can be followed 
for any value of frequency. 

Number of Tuning Stages to Be Used. From the preceding discussion 
and reference to Fig. 6-14, it can be seen that increasing the number of 
stages of tuning definitely increases the over-all selectivity of a receiver. 
Theoretically, it would seem that any number of tuning stages could be 
added but practically this is not true, as other factors must be taken into 
consideration. In order to obtain good fidelity from general broadcast 



Fig. 6-14.'—Graph illustrating the manner in which the selectivity of a receiver increases 
with additional stages of tuning. 

stations, the width of the band passed (measured at 0.707 of the maximum 
value) should not be less than 10 kc. Adding too many stages may 
decrease the width of the band passed below this value, thus decreasing 
the fidelity of reception. 

In modem receivers, the tuning circuit forms a definite part of each 
stage of radio-frequency amplification and the complete unit is generally 
referred to as a stage of r-f amplification. There are a number of methods 
employed to couple one stage of r-f amplification to another, and the 
choice of which one to use will depend on the type of r-f amplifier tube 
and circuit used. Radio-frequency amplification and methods of cou¬ 
pling wdll be considered in detail in Chap. VII. The total amplification 
desired and its relation to the amplification produced by each tube, 
coupling device, and tuning circuit must also be considered. 
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The circuit used is another factor to be considered. The simple 
tuned-radio-frequoncy (trf) receiver, which was popular for a number of 
years, generally used two stages of r-f amplification before the detector. 
Superheterodyne receivers do not depend on the r-f stages to obtain the 
necessary amplification before detection, as the intermediate frequency 
(i-f) amplifiers are used for this purpose. Although the number of r-f 
tuning circuits in superheterodyne receivers will vary with the make and 
model, it is general practice to use one or more tuning circuits in addition 
to the oscillator section. 

6-7. Single Control Tuning. Ganged Timing. In the early types 
of radio receivers each tuning circuit was controlled separately by an 
individual dial. This procedure made tuning cpiite difficult, since most 
of the receivers had three or more controls, thus making it impossible to 
adjust the circuits simultaneously with only two hands. 

As the coil, capacitor, and wiring for each of the tuning circuits were 
usually similar to one another, the dial setting for a given station was 
approximately the same for each of the controls. It was therefore 
possible to couple the rotors of all the variable capacitors with one another 
by some mechanical means so that they could be rotated simultaneously 
with a single control; this is sometimes referred to as ganged tuning. 

A number of mechanical arrangements have been used to turn the 
rotors of all the tuning capacitors simultaneously. Among the arrange¬ 
ments used were a system of gears, pulleys, racks and pinions, parallel 
arms and levers, and use of a common shaft. Only one of these methods 
is now used, namely, the application of a common shaft. 

Multiple Capacitors. A multiple capacitor consists of two or more 
separate capacitors built into a single frame so that all the rotors can be 
operated from a common shaft. Such a capacitor is called a multiple or 
gang capacitor (see Fig. 6-15). In order to reduce the capacitance 
between adjacent stator sections, a flat metal plate is mounted between 
each section. This plate is connected to ground and thus acts as an 
electrostatic shield. 

For certain positions of the rotor all its weight would be concentrated 
on one side. If the rotor contains a large number of plates this imequal 
distribution of weight will tend to move the rotor out of the position to 
which it had been adjusted. To overcome this difficulty the rotor is 
balanced mechanically by mounting half of the stator and rotor plates 
180 mechanical degrees from each other (see Fig. 6-15). 

Multiple capacitors are more efficient, less bulky, and less expensive 
than the other systems of obtaining ganged tuning. They are therefore 
the most commonly used method. 
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(c) 

Fia 6-16—Commercial types of multiple, or gang capacitois (o) Two-gang capaci¬ 
tor, (6) three-gang capacitor, (c) capacitor with opposed rotor and stator for perfect 
counterbalancing (a and 6, covrtesy of Meissner Manufacturing Division Maguire Indus¬ 
tries, Inc ; c, courtesy of Hammarlund Manufacturing Company, Inc) 

6 - 8 . Equalizing the Tuning Circuits. Tracking, Although the 
single-control tuning system rotated each tuning capacitor by the same 
amount, the electrical adjustment, while approximately equal, was not 
exactly the same for each tuning circuit. This electrical difference was 
due to the slight mechanical differences in the capacitors, coils, and wir¬ 
ing of the tuning circuits. In order to obtain the maximum fidelity, 
selectivity, and sensitivity for a receiver, it is necessary that all the 
tuning circuits track together over the entire range of the receiver. 
This means that the resonant frequency for each of the tuning circuits 
must be exactly the same for all positions of the timing control. To 
obtain perfectly matched coils and capacitors and to have the wiring for 
each tuning circuit exactly the same requires precision manufacture. 
This procedure is too expensive and also is impractical for mass produc- 
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tion. It was therefore necessary to employ some means of adjusting each 
cirjEuit. 

/ Methods Used to Align the Tuning Circuits. The inductance of the 
coils and of the wiring for all the tuning circuits in a receiver is constant in 
value for all positions of the tuning control. It is therefore possible to 
assemble and wire each tuning circuit so that their values of inductance, 
for all practical purposes, are close enough to each other to be considered 
as being the same. Thus it was only necessary to make adjustments for 
differences in capacitance between each circuit. There have been 
numerous systems used to compensate for differences in capacitance but 
only two are in common use at the present time. 

The more common of these two methods uses a small adjustable 
trimmer capacitor that is connected in parallel with the main tuning 
capacitor (see Fig. 6-15). In this system the trimmer capacitors can be 
adjusted for only general capacitance differences between each tuning 
circuit but cannot be used to align each section for all positions of the 
tuning control. It is general practice to adjust the capacitor sections for 

__ three positions, namely, the approximate center 

11 each end of the frequency band. Adjust- 

^ ^ ments are made at these three positions and are 

/ tlien rechecked in order that all circuits track 

V_ o _i closely as possible for all positions. 

A more accurate method is to cut slots in 
Fig. 6-16.—A^^tted rotor rotor plates, as showB in Figs. 6-15 and 

6-16. These plates generally have four or more 
sections and the capacitance for each section can be changed by bending 
the plate at that section. If it is bent toward the stator the capacitance 
is increased and if bent away from the stator the capacitance will be 
decreased. The tuning control is adjusted for some frequency within a 
section of the rotor plate and that section is adjusted to obtain maximum 
signal response for that frequency. As any adjustments made for one 
value of frequency will not affect other frequency adjustments, maximum 
signal response can be obtained for as many positions as there are rotor 
plate sections. Using this system, the tuning circuits can be made to 
track for all positions of the tuning control. 

Some receivers use a combination of both of these methods. In 
these receivers the trimmers are used to compensate for general differences 
in capacitance and the slotted rotor plates are used to align the capacitor 
sections for various positions of the tuning control. 

6-9. Automatic Tuning. In the methods of tuning described in the 
preceding discussion, the selecting of stations on a receiver is accomplished 
by rotating the tuning dial to the desired position by hand. This is some¬ 
times referred to as manvxil tuning. Another method of tuning a receiver 
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is by merely pushing a button or a lever. With this system, the receiver- 
may automatically be tuned to the stations predetermined for each 
tuning button. This is called automatic tuning and it is used extensively 
in the medium- and high-priced sets. The number of tuning buttons on 
a receiver varies from four to as many as nineteen, depending on the 
manufacture and model of the receiver. In the majority of cases, how¬ 
ever, the automatic tuning control provides five or six tuning buttons. 

Methods of Obtaining Automatic Tuning Control, Although numerous 
systems have beep devis(‘d for obtaining automatic tuning (see reference 
in bibliography), they may be roughly classified into three general types, 
namely, (1) mechanically operated manual types, (2) tuned-circuit 
substitution types, (3) motor-operated types. 

Mechanically Operated Manual Types, In these types of automatic 
tuning, the shaft of the tuning capacitor is turned to the preset desired 
position by pressing a button, key, or some type of lever. This type of 
tuning may be further subdivided into five common methods of opera¬ 
tion, namely, linear, rocker bar, rotary, indent, and flash. The linear 
method employs a series of cams and levers to obtain the station selection. 
Pushing a button produces motion in about the same manner as pushing 
on a typewriter key and thereby causes the shaft of the tuning capacitor 
to be rotated to its preset position. The rocker-har method employs a 
series of push buttons, which translate the motion to preset positions of 
the tuning capacitor. The rotary type uses a dial similar in appearance 
to the dial of the modern telephone. The indent method, also known as 
spot tuning^ uses a steel ball that is pressed in a groove of a soft metal 
cylinder at preset positions and thereby provides indents to aid the 
manual tuning. The flash method, also known as light-indicator tuning, 
does npt use any button arrangement but is timed by the ordinary manual 
tuning. When the tuning dial is in a position corresponding to one of the 
preset flash-tuned stations, a dial light is caused to light up in back 
of a transparent marker indicating the station to which the receiver is 
tuned. 

Tuned-circuit Substitution Types, In these types of automatic tuning, 
a number of precalibrated tuned circuits are connected to a push-button 
type of selector switch. The precalibrated tuned circuits are generally 
tuned by means of mica trimmer capacitors, permeability tuned coils, or 
a combination of both. In most cases where the tuned-circuit substitu¬ 
tion method of automatic tuning is used, the ordinary manual tuning is 
also provided. However, in a few instances, the manual type of tuning 
is omitted and such receivers can only be tuned to those stations for which 
specific tuned circuits are provided. 

Motor-operated Types. In these types of automatic tuning, the shaft 
of the tuning capacitor is turned to the position required for a desired 
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station by means of a small electric motor. The tuning of ckjsircd sta¬ 
tions is obtained by a station selector switch or a number of push buttons 
and generally requires the use of a selecting commutator or some other 
device for stopping the motor at the desired point. 

Auxiliary Controls Required with Automatic Tuning, Adding auto¬ 
matic tuning to a receiver generally requires including a number of 
extra auxiliary circuits or controls, the most important of which are 
(1) transfer circuit or mechanism to change from continuous or manual 
tuning to automatic tuning, (2) an audio silencing or muting provision 
that will silence the receiver when the automatic tuning mecOianism is 
changing the receivc^r from one station to another, (3) a station sele(;ting 
commutator mechanism for stopping the motor at the correct position for 
station reception with the motor-operated types. 
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QUESTIONS 

1 . What is meant by tuning? How is it accomplished? 

2. Name and explain the three functions generally performed by tuning circuits. 

3. What are side bands? How do the side bands of the signals transmitted by 
a high-fidelity station compare with those sent out on ordinary broadcast? 

4 . What is meant by an ideal response curve? How does the fidelity of transnns- 
sion affect the width of this ideal curve? 

6 . What four methods are used to approximate the ideal response curve? 

6. What is meant by a radio channel? 

7. How does increasing the selectivity of a receiver beyond a certain point 
decrease its fidelity? 

8. What factors in radio transmission may produce crosstalk in a receiver? 
How can this interference be minimized? 

9 . How does the frequency vary with the amount of rotation for each of the 
following types of variable capacitors: (a) SLC? (b) SLW? (c) SLF? 

10 . Explain the methods used to obtain compactness in variable capacitor con¬ 
struction. 

11. What factors determine the inductance of the secondary of a timed r-f trans¬ 
former? 

12 . Is it desirable to use a small capacitor and a large inductance, or a large 
capacitor and a small inductance, in the timing circuit? Explain. 

18 . Should the physical dimensions of an r-f coil be large or smaU? Explain. 

14 . What types of radio service use the short-wave bands? 

16 . What five characteristics of short-wave communication are not found in ordi¬ 
nary broadcast communication? 
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16. Why is it not practical to use a single coil and capacitor to cover the entire 
short-wave band? 

17. What factors determine the frequency limits for each band? 

18. What is meant hy an all-wave receiver? What methods may be used to obtain 
the required tuning range? 

19. If a single variable capacitor is to be used for tuning, what factors determine 
the value of inductance for each coil used? 

20. Is it practical in an all-wave receiver to use a variable capacitor whose maxi¬ 
mum value is similar to that used for ordinary broadc.ast reception? Kxplain. 

21. What are the advantages of using a band selector switch in place of plug-in 
coils for changing-the frequency band to be tuned? 

22. What factors must be taken into consideration in designing a band switch? 

23. Explain the method of obtaining the fre(|uency range for each of the bands 
desired by using a single inductance coil and varying the capacitance. 

24. What effect does the distributed capacitance of a tuning circuit have on the 
frequency limits for each band? 

26. What advantages are obtained by changing both the capacitance and induct¬ 
ance for each frequency band? 

26. Why is it necessary to use bandspread coils for tuning short-wave receivers? 

27. What is the difference between the construction of a bandspread coil and the 
usual type of r-f coil? 

28. What is the difference between the construction and application of trimmer 
and padder capacitors? 

29. In bandspread coils, what is the purpose of (a) trimmers? (6) Padders? 

SO. What is meant by bandspread tuning? Where is it used? Why is it neces¬ 
sary? 

81. Explain the mechanical method of obtaining bandspread tuning. What are 
its advantages? 

82. Explain the electrical method of obtaining bandspread tuning. What are its 
advantages? 

38. Explain how the selectivity of a receiver is increased by using multiple-stage 
tuning. 

34. What factors determine the number of stages of tuning to be used? 

SSI What are the advantages of single-control tuning? 

86. What is a multiple variable capacitor? What are its advantages? 

87. What is meant by tracking? 

88. What are equalizing capacitors? Where are they used? Why are they used? 

89. How are slotted rotor plates used to align the tuning circuit? What are their 
advantages? 

40. What is meant by automatic tuning? 

41. What are the three basic methods of obtaining automatic tuning? Describe 
each. 


PROBLEMS 


1. A tuning circuit whose minimum frequency is to be 550 kc uses a 300-/iftf 

variable capacitor whose minimum capacitance is 16 (a) What is the value of 

inductance that the secondary winding must possess? (b) What is the highest 
frequency obtainable with the inductance as calculated in part (o) ? 

2. How is the frequency range of the tuning circuit in Prob. 1 affected by a 
distributed circuit capacitance of (a) 10 fifdl (b) 20 nfd? 

8 . A tuning circuit whose minimum frequency is to be 580 kc uses a 150-iu/Af 
variable capacitor whose mini mum capacitance is 13 nfjd. (a) What is the value of 
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inductance that the secondary winding must possess? (b) What is the highest 
frequency obtainable with the inductance as calculated in part (a) ? 

4. How is the frequency range of the tuning circuit in Prob. 3 affected by a dis¬ 
tributed circuit capacitance of (a) 12 ufA? (b) 18 /nMf? 

5 . The inductance of the secondary winding of a certain tuning circuit is 41.5 /ih. 
The distributed capacitance of the circuit is 12 ^A^f* W What is the maximum valufj 
required of the capacitor if the minimum frequency is to be 1500 kc? (b) What is the 
highest frequency obtainable if the minimum capacitance of the variable capacitor is 
16 MMf? 

6. A vanable capacitor and an inductor (secondary winding of a transformer) 
having an inductance of 14.4 /*h are to be used to tune a frequency band whose limits 
are to be 4 me and 9 me. The distributed capacitance of the circuit is 10 At^tf. What 
are the maximum and minimum values required of the variable capacitor? 

7 . A SOO-Ai/xf variable capacitor having a minimum capacitance of 16 MAtf is used 
in the tuning circuit of the all-wave receiver listed as set A in Table Vl-I. If the 
distributed capacitance of the tuning circuit is neglected, what value of inductance is 
required of the secondary winding of each of the four coils in order to tune the lower 
frequency of thcjir respective bands? 

8 . Using the values of inductance found in Prob. 7 , what is the highest resonant 
frequency obtainable for each band? 

9. If the tuning circuit of Prob. 7 has a distributed capacitance of 15 /i/xf and the 
same coils are used, what are the frequ(mcy limits of each band if the distributed 
capacitance is considered? 

10 . A 200-MMf variable capacitor having a minimum capacitance of 11 /xAtf is use(i 
in the tuning circuit of the all-wave receiver listed as set B in Table VI-I. If the 
distributed capacitance of the tuning circuit is neglected, what value of inductance is 
required of the secjondary winding of each of the four coils in order to tune the lower 
frequency of th(nr respective bands? 

11 . Using the values of inductance found in Prob. 10, what is the highest resonant 
frequency obtainable for each band? 

12 . If the tuning circuit of Prob. 10 has a distributed capacitance of 12 tifii and 
the same coils are used, what are the frequency limits of each band if the distributed 
capacitance is considered? 

18 . A certain tuned circuit using a SOO-zx/xf variable capacitor tunes from 530 to 
1550 kc. What value of series capacitance is required in order to increase the mini¬ 
mum frequency from 530 to 1500 kc? 

14 . 'V^at is the frequency range of the tuning circuit of Prob. 13 when the series 
capacitor as calculated in Prob. 13 is connected in the circuit? (Assume the minimum 
capacitance of the tuning capacitor to be 35.1 fx/A.) 

16 . What is the frequency range of each band of the tuning circuit of Prob. 13, if 
the distributed capacitance of the coil and circuit is equp,l to 15 fifd? 

16 . A two-band receiver uses a 335-MMf variable capacitor to tune the broadcast 
band to a minimum frequency of 530 kc. A fixed capacitor is connected in series with 
the variable capacitor to adjust the tuning circuit for the short-wave band whose 
minimum frequency is to be 1.5 me. The variable capacitor has a minimum capaci¬ 
tance of 12 zx/xf. (a) What value of series capacitance is required for the short-wave 
band? (6) What are the frequency limits of each band? 

17 . What are the frequency limits of each band of the receiver of Prob. 16, if the 

distributed capacitance of the tuned circuit is equal to 12 nfii and the values of all 
the circuit elements are the same as those of Prob. 16? , 

18 . A two-band receiver uses a variable tuning capacitor whose maximum capaci- 
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tance is 600 and whose minimum capacitance is 16 tifd. The distributed capaci¬ 
tance is 10 fxfii. The minimum frequencies of the two bands are 550 kc and 1.6 me 
respectively, (a) What value of inductance is required of the secondary in order to 
obtain the minimum frequency for the broadcast band? (6) What value of series 
capacitance is required in order to obtain the minimum frequency for the short-wave 
band using the same inductor as in part (o)? (c) Wliat is the maximum resonant 

frequency of each band? 

19 . A tuning circuit using a variable capacitor that has a maximum capacitance 
of 250 MMf and a minimum capacitance of 10 juMf has a frequency range of from 500 to 
1800 kc. The distributed capacitance of the circuit is 10 juMf. («) '^at is the value 
of the trimmer capacitor required to decrease the higher limit of the frequency range 
to 1600 kc? (6) What effect does the use of this trimmer capacitor have on the lower 
limit of the frequency band? 

20 . The upper and lower limits of a frequency band are 11.8 me and 3.88 me 
respectively. The maximum and minimum capacitances of the tuning capacitor are 
140 M^f and 6 MMf* The distributed capacitance of the circuit is 10 titii. (a) What is 
the value of the trimmer capacitor required to decrease the higher limit of the fre¬ 
quency range to 10 me? (6) What effect does the use of this trimmer capacitor have 
on the lower limit of the frequency band? 

21 . The tuning circuit of the oscillator section of a superheterodyne receiver is to 
be adjusted so that it will always tune 175 kc high(;r than the tuning circuit of the 
receiver whose frequency limits are 550 and 1610 kc. A circuit similar to that shown 
in Fig. 6-12c is used and the circuit elements have the following values: L = 150 /uh, 
Ci.max ~ 320 /4/uf, C'l.min = 13.5 /i/if, and C 2 == 20 The distributed capacitance 
of the circuit is 20 nyX. (a) What value is required of the padder capacitor when the 
tuning circuit is adjusted to its minimum frequency? (6) Using the padder capacitor 
as calculated in part (a), what is the resonant frequency of the oscillator section when 
the tuning circuit is adjusted to its maximum frequency? 

22 . Neglecting the distributed capacitance of the circuit of Prob. 21, (a) what 
value of padder capacitance would appear to be required when the tuning circuit is 
adjusted to its minimum frequency? (6) Using the padder capacitance as calculated 
in part (a), what would the resonant frequency of the oscillator section appear to be 
when the tuning circuit is adjusted to its maximum frequency? 

22 . The tuning circuit of the oscillator section of a superheterodyne receiver is to 
be adjusted so that it will always tune 265 kc higher than the tuning circuit of the 
receiver, whose frequency limits are 550 and 1625 kc. A circuit similar to that 
shown in Fig. 6-12c is used and the circuit elements have the following values: L — 135 
fihy Ci.tnBx “ 320 fjLMlf Ci.min =* 13.5 Ai/xf, and Ci - 20 MMf. The distributed capacitance 
of the circuit is 20 fi/jf, (a) What value is required of the padder capacitor when the 
tuning circuit is adjusted to its minimum frequency? (6) Using the padder capacitor 
as calculated in part (a), what is the resonant frequency of the oscillator section when 
the tuning circuit is adjusted to its maximum frequency? 

24 . The timing circuit of the oscillator section of a superheterodyne receiver is to 
be adjusted so that it will always tune 175 kc higher than the tuning circuit of the 
receiver, whose frequency limits are 550 and 1600 kc. A circuit similar to that 
shown in Fig. 6-12c is used and the circuit elements have the following values: L =» 180 
mH, Ci.max « 260 M/if, Ci.miu “ 10 and C 2 « 20 Hilt The distributed capacitance 
of the circuit is 16 (o) What value is required of the padder capacitor when the 

tuning circuit is adjusted to its minimum frequency? (6) Using the padder capacitor 
as callalated in part (a), what is the resonant frequency of the oscillator section when 
the tuning circuit is adjusted to its maximum frequency? 



CHAPTER VII 

RADIO-FREQUENCY AMPLIFIER CIRCUITS 

Amplification is the process of increasing the amplitude of a signal. 
An amplifier is a device that increases the power or voltage of an input 
signal, with the aid of vacuum tubes, by furnishing additional power 
supplied by a separate source. The input signal, which is UKsed to control 
the output power of the amplifier, may come from the antenna, the out¬ 
put of a previous stage of amplification, the output of a detector circuit, 
a microphone, a phonograph pickup, a photocell, or a transmission line. 
A radio-frequency amplifier is one designed to increase the amplitude of 
signals at radio frequencies. Because vacuum tubes form a definite 
part of all amplifiers, it is essential that the amplifying properties of 
vacuum tubes be thoroughly understood. 

7-1. The Vacuum Tube As an Amplifier. Voltage and Power Ampli- 
fiers. The amplifying action of a vacuum t\ibe has been described in 
Chap. IV. This action may be utilized in radio circuits in a number of 
ways, the method used depending upon the results that are to be obtained. 
Fundamentally there are two types of amplifiers, namely, the voltage 
amplifier and the power amplifier. In a similar manner, there are 
fundamentally two types of amplifier tubes, voltage amplifiers and power 
amplifiers. Because the power output of practically all amplifier tubes 
will be greater than the input power applied to the grid, strictly speaking 
all amplifiers are power amplifiers. However, the primary objective of 
a voltage amplifier is to increase the voltage of the input signal without 
regard to the output power. The primary objective of a power amplifier 
is to increase the energy of the input signal without regard to the output 
voltage. 

Radio-frequency Voltage and Power Amplifiers. The sensitivity of a 
radio receiver can be increased by amplifying the incoming signal, as 
received by the antenna, before applying it to the input of the detector 
circuit. The primary objective of these amplifiers is to increase the 
voltage in the r-f circuits and they are called r-/ voltage amplifiers. R-f 
amplifiers are also used in transmitters to increase the amplitude of the 
high-frequency modulated signal before it is sent out into space from 
the antenna. The primary objective of these amplifiers is to increase 
the energy of the modulated signal before it is transmitted, and th^ are 
called r-f power amplifiers. 
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R-f amplifiers are used in superheterodyne receivers to amplify the 
voltage of a narrow band of intermediate values of frequencies and are 
called i-f amplifiers. These amplifiers are very efficient because they can 
be designed to operate on a definite narrow frequency band. The fre¬ 
quency at which an i-f amplifier operates varies with the circuit design 
and generally ranges from 175 to 465 kc. The width of the band that it 
is required to amplify is generally 10 kc. Thus an i-f amplifier designed 
to operate at 405 kc will be expected to amplify all signals whose fre¬ 
quencies lie between 465 plus 5, or 470 kc, and 465 minus 5, or 460 kc. 
The signals of all frequencies outside of this 10-kc band should be reduced 
to a negligible value. I-f amplifiers will be taken up in greater detail 
under band-pass amplifiers later in this chapter. 

The operating characteristics and the circuit actions of r-f voltage 
amplifiers are taken up in this chapter, while the r-f power amplifiers will 
be presented with the study of transmitters in Chap. XIII. 

7-2. Classification of Amplifiers. Class A Amplification. In the pre¬ 
ceding discussion amplifiers have been described as being either voltage 
or power amplifiers. They have also been described as being radio¬ 
frequency or intermediate-frequency amplifiers; they may appear in 
additional classifications, such as audio-frequency, video-frequency, and 
direct-current amplifiers. 

Another commonly used classification of amplifiers is based upon their 
operating characteristics. On this basis they are known as Class A, 
Class B, Class AB, or Class C amplifiers (see Fig. 7-1). A Class A 
amplifier is one in which the grid bias and the alternating input signal 
voltages are of such values that the plate current will flow in the output 
circuit at all times. A Class B amplijkr is one in which the grid bias is 
made approximately equal to the cutoff value. In this case the plate 
current will be approximately zero for zero signal input, and plate current 
will flow for only approximately one-half of the input cycle. A Class AB 
amplijier is one in which the grid bias and the alternating signal input 
voltages are of such values that plate current will flow for appreciably 
more than half but less than the complete time of the alternating input 
cycle. A Clones C amplifier is one in which the grid bias is considerably 
greater than cutoff value so that the plate current is zero for zero signal 
input, and plate current will flow appreciably less than one-half the time 
of the alternating input cycle. 

A further designation is sometimes made by adding the subscript 
1 or 2, in which 1 indicates that grid current does not flow during any part 
of the time of an alternating input cycle, while 2 indicates that grid 
current does flow during some part of the alternating input cycle. Thus 
an ABi amplifier does not draw any grid current at any time while an 
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AB 2 amplifier does take grid current during some part of the time of the 
alternating input cycle. 

Most r-f, i-f, and a-f amplifiers used in the average radio receiver are 
voltage amplifiers and operate as Class A; hence only this type will be 
considered at this time. The remaining classes of amplifiers are generally 
used as power amplifiers and will be taken up in a later chapter. 



Class A operation-output current flows Class AB operation-output current 

for 360®of each input cycle flows for more than 160 * but 

less than 360*of each input cycle 



Class B operation-output current Class C operation- output current flows 

flows for ISO’of each input cycle for less than IbO^of each input cycle > 

Fig. 7-1. —Curves showing the relation between the current flow in the output circuit and 
the input signal for various classifications of amplifier operation. 

Class A Amplifiers, A Class A amplifier is one in which the grid 
bias and the alternating input signal voltages are of such values that pl^te 
current will flow in the output circuit at all times (see Figs. 7-1 and 7-2). 
A radio tube may be operated as Class A in order to reproduce faithfully 
the variations in the input signal, the reproduced signals appearing across 
the impedance in the plate or output circuit. In the elementary voltage 
amplifier circuit shown in Fig. 7-3, the variations in voltage across the 
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output impedance Zo will be a reproduction of the variations in the input 
signal voltage eg impressed across the grid but of increased amplitude. 

^Operating Grid Bias for a Class A Amplifier. The value of grid bias 
required for Class A operation will depend upon the operating character¬ 
istics of the tube used and the voltage of the input signal. This can be 
seen by observation of the operating characteristics of a Class A amplifier 
as shown in Fig. 7-2. The grid bias should be of a value that will cause 



Fig. 7-2.—Operating characteristics of a voltage amplifier tube operated Class A. 

the tube-to operate on only the straight portion AB ol the grid-plate 
transfer characteristic curve. The output current in the plate circuit will 
then be an exact enlarged reproduction of the input signal variations 
that were applied to the grid. The impedance of the output circuit 
remains constant for a definite value of frequency, and as the radio¬ 
frequency component of any input signal is constant, the variations in 
voltage developed across the plate load will vary in the same manner as 
the variations in plate current. 

Since driving the grid positive will cause distortion, the maximum 
value of permissible input signal voltage will depend on the extreme limits 
of negative grid voltage that will cause the tube to operate on the straight 
portion of its characteristic c\irve. In order that the maximum input 
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signal voltage may be applied to a tube, the value of gnd bias at which it 
is operated should be at the mid-point between the limits of the grid bias. 

The limits of negative grid voltage for the tube whose operating char¬ 
acteristics are shown in Fig. 7-2 are represented by the points D and 0. 
For maximum signal input the tube should be operated at point E, 
Increasing the value of grid bias as at M or decreasing it as at N will shift 
the oi)erating point to M' or N' on the characteristic curve. In either 
case the amount of grid-voltage swing will be reduced, thus decreasing 
the amount of input signal voltage that can be applied to the grid of the 
tube mthout causing distortion. 

The maximum value of input signal 
voltage that should be applied to a tube 
will be equal to either the amount of 
grid bias used, indicated by the distance 
OE on Fig. 7-2, or the difference be¬ 
tween the maximum amount of negative 
grid voltage that will cause the tube to 
operate on the straight portion of its 
curve and the grid-bias voltage at which 
the tube is operated, indicated by the 
distance DE on Fig. 7-2. The smaller 
of these two values wall be the maximum amount of input signal voltage 
that can be applied without producing distortion. 

Example 7-1. A type 6C5 tube is to be operated as a Class A amplifier with 300 
volts applied to its plate. What is the maximum amount of input signal voltage that 
can be applied without producing distortion when the tube ii operated with a grid 
bias of (a) 8 volts? (6) 6 volts? (c) 4 volts? 

Note: Assume that the straight portion of the curve (Fig. 4-21) extends beyond 
a grid bias of zero volts. This assumption will hold true for the characteristic curves 
of practically all Class A triode amplifier tubes. 

Given; 

Eb ** 300 volts 

(а) — 8 volts 

(б) Ee ^ —6 volts 

(c) = — 4 volts 

Solution: 

From the curve for Eb « 300 volts (Fig. 4-21), it can be seen that the straight por¬ 
tion of the curve ends when the grid bias is approximately 12 volts. Thus 

(a) Eff.M - 12 - 8 » 4 volts 
(5) Eg-m - 12 — 6 « 6 volts 
(c) Eg,m w 4 - 0 » 4 volts 

Method of Obtaining Grid Bias. It was shown in Art. 6-4 that the 
grid bias required for the desired operating conditions of a detector tube 


Find: 

(а) Eg.„ * ? 

( б ) Eg.^ « ? 

(c) Eg.m « ? 



Fio. 7-3.—Elementary voltaRe ampli¬ 
fier circuit. 
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could be obtained by means of a cathode-bias resistor. In a similar 
manner, it is also possible to obtain the proper grid bias for the desired 
operating conditions of a tube in an r-f amplifier circuit. 

When a tube is used as an amplifier the amount of direct current flow¬ 
ing in the plate circuit with zero signal input can be obtained for any 
value of plate voltage and grid bias from either the plate characteristic 
or grid-plate transfer characteristic curves. The zero signal plate cur¬ 
rent for one or two recommended values of plate voltage and grid bias 
may be obtained from Appendix XV or from a standard tube manual. 
It is also always desirable to use a by-pass capacitor, generally in the 
order of 0.1 Mf» in conjimction wth the cathode-bias resistor in r-f circuits. 



Fig. 7-4.—Distortion in a Class A operated voltage amplifier tube caused by using too 

large a bias. 

7-3. Distortion in Class A Amplifiers. Distortion Caused by Operating 
the Tube on the Curved Portion of Its Characteristic Curve. When the tube 
whose operating characteristics are illustrated in Fig. 7-2 is operated with 
a grid bias whose value is Eg, the variation in input signal voltage e, 
will produce a grid-voltage swing whose limits are ee.a and This 
variation in grid voltage causes the tube to operate on the straight 
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portion of the curve between a and 6. The varying plate current ip will 
therefore change in the same manner as the input voltage fy. 

If the tube is operated with a grid bias whose value is too near the neg¬ 
ative bend of the curve it will cause distortion of the output signal. This 
can be seen by referring to the operating characteristics for this condition 
as illustrated in Fig. 7-4. The grid bias Ec.i causes the tube to operate 
about point Ci on the curve. The input signal voltage Cg will produce a 
grid-voltage swing whose limits are ec,ai and Cc.6i. This variation in grid 



Fig. 7-5.—Distortion in a Class A operated voltage amplifier tube caused by using too 

small a bias. 

voltage causes the tube to operate on the portion of the curve between 
Oi and h\. The negative halves of each cycle of the alternating input 
signal voltage will operate on the curved portion of the curve between 
hi and Cl. The plate current resulting from each of the negative half¬ 
cycles will therefore be distorted as illustrated by the shaded area (Fig. 
7-4). 

If a tube is operated with a grid bias whose value is too near the posi¬ 
tive bend of the curve it will also cause distortion. This can be seen by 
leferring to the operating characteristics for this condition as illustrated 
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in Fig. 7-5. The grid bias Ec .2 causes the tube to operate about point C 2 
on the curve. The input signal Cg will produce a grid-voltage swing whose 
limits are ee.a 2 and Cc. 62 - This variation in grid voltage causes the tube to 
operate on the portion of the curve between and 62 . The positive 
halves of each cycle of the alternating input signal voltage will operate 
on the curved portion of the curve between Co and a 2 . The plate current 
resulting from each of the positive half-cycles will therefore be distorted 
as illustrated by the shaded area (Fig. 7-5). 

Distortion Caused by Driving the Grid Positive. When the grid is made 
positive with respect to the cathode it will act in the same manner a^he 
plate. Some of the electrons 
emitted by the cathode will be 
attracted to the grid, causing a 
current ig to flow in the external 
grid circuit (Fig. 7-6). This cur¬ 
rent is forced to flow through the 
resistance Rg or any other circuit 
element connected in this path, 
such as the secondary of a coupling 
transformer. The grid current ig 
in flowing through the resistance 
of the grid circuit Rg produces a voltage drop Vg in this circuit. This 
voltage drop is developed in the grid circuit during each instant that the 
grid is positive. The effective grid voltage at these instants will be equal 
to the applied voltage Cg minus the voltage drop Vg. The characteristic 
curves for the two operating conditions shown in Figs. 7-7 and 7-8 
illustrate how the input signal is distorted when the voltage on the grid 
is made positive. This distortion of the input signal voltage will there¬ 
fore produce distortion in the plate current as illustrated by these 
diagrams. 

Distortion of this type is produced by operating the tube with an 
incorrect value of grid bias (Fig. 7-7) or by applying too large a signal 
to the input circuit (Fig. 7-8). For purposes of comparison the two 
characteristic curves used in Figs. 7-7 and 7-8 are the same as the one 
used in Fig. 7-2. 

Distortion Caused by Operating the Tube with an Incorrect Grid Bias. 
When the tube is operated with a grid bias whose value is less than the 
maximum value of the input signal voltage, the grid voltage will be driven 
positive during the portion of each cycle in which the positive value of 
the input signal is greater than the grid bias. The manner in which the 
output signal is distorted for this type of operation can be seen by exami¬ 
nation of its operating characteristics as illustrated in Fig. 7-7. With a 



Fig. 7-6.—Flow of current in the grid cir¬ 
cuit when the grid is positive with respect to 
its cathode. 
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grid-bias voltage as indicated at Ee^zt the input signal Cg causes the tube 
to operate on the straight portion of the curve between az and bz- It can 
be seen that under this condition the grid is made positive at some 
instants. The voltage drop due to the current flowing in the grid circuit 
during these intervals reduces the effective grid voltage during these 
instants, thus reducing the maximum positive grid voltage from €e,az to 
e^a. This distortion of the input signal voltage causes the tube to operate 
between bz and a on the curve. The output current will therefore be 

Undisiorfed 



Fig. 7-7.—Distortion in a Class A voltage amplifier tube when operated with incorrect grid 
bias so that the grid is driven positive during part of each cycle. 


distorted in a similar manner, as is illustrated by the distorted output 
wave resulting from this incorrect operation (Fig. 7-7). 

Distortion Caused by Applying Too Large an Input Signal. When the 
tube is operated with its correct value of grid bias but the applied input 
signal is too large, either half or both halves of the output signal 
may be distorted. The manner in which this type of operation causes 
distortion can be seen by examination of Fig. 7-8. The variation 
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in input signal voltage, produces a grid-voltage swing whose limits are 
6c.a4 and ec.64. This variation in grid voltage causes the tube to operate 
on the curve between points and 64. Each negative half-cycle causes 
the tube to operate on the negative bend of the curve, thus causing the 
plate current flowing during these half-cycles to be distorted. During 
a part of each positive half-cycle of the input signal the grid is driven 
positive. The voltage drop due to the current flowing in the grid circuit 
reduces the effective grid voltage, thus reducing the maximum positive 



Fio. 7-8.^—Distortion in a Class A voltage amplifier tube caused by applying too large an 

input signal. 

grid-voltage swing from Ce-oA to e«.«. This distortion of the input signal 
causes the tube to operate, for each positive half-cycle, between c. and a 
on the curve. The current flowing in the plate circuit during each posi¬ 
tive half-cycle will therefore be distorted. It can thus be seen that for 
this operating condition some distortion occurs during both the negative 
and positive half-cycles. 

7-4. Voltage Aaq)lification Produced by a Class A Amplifier. Equiva¬ 
lent Amplifier Circuite Using Triodes. In the study of vacuum tubes 
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(Chap. IV), it was shown that the grid of a tube is /x times as effective in 
controlling the plate current as is the plate. When an alternating signal 
voltage eg is applied to the grid of a tube, the plate circuit may be con¬ 
sidered as a circuit containing a generator of — volts in series with the 
plate resistance Vp and the output circuit impedance Zo- This principle 
is very important, as it is a basis for calculating the operating character¬ 
istics of an amplifier circuit. The output voltage ^ixCg is designated as 
negative because of the phase reversal, as explained in Art. 4-6. 

The vacuum tube used in an amplifier can therefore be considered as 
a generator w'hose output voltage is equal to -‘fiCg, An equivalent elec¬ 
trical circuit can be drawn for an amplifier circuit by substituting a 
generator for the vacuum tube. The equivalent electrical circuit for 
the elementary ampliher of Fig. 7-3 is shown in Fig. 7-9a. This type of 
equivalent circuit is referred to as the constant-voUage-geueraior form and 
is very convenient for use in studying the operating characteristics of 
amplifier circuits using triodes. The alternating-current component of 
the plate current flowing in this circuit is 


ti, = 




Zo + Tp 


(7-1) 


The voltage developed across the load impedance by this current \rill them 
be 

Cp = ipZo (7-2) 

Substituting Eq. (7-1) in (7-2) 

fXCgZ o 


Co — 


Zo + Tp 


(7-3) 


The voltage amplification of the circuit then becomes 


and 


fl€g^ O 


__ Zo -f Tp 

Co 

(7-4) 

Ao + Tp 

(7-5) 


When the output impedance is made up only of n'sistors, resistance- 
capacitance-coupled amplifier circuits, or a tuned amplifier circuit in 
which the reactive effects cancel one another so that the resultant imped¬ 
ance is only resistance, the output impedance Zo will be equal to flp. 
Under these conditions, Eqs. (7-1), (7-3), and (7-5) become 
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Ho 

fiP ffRo 

Ro “ 1 “ 


_ ^Ro 

Ro “h Tp 


(4-10) 


Equivalent Amplifier Circuit Using Pentodes. The maximum voltage 
amplification of a circuit using a triode amplifier can be made almost 
equal to its amplification factor. This is possible because of the com¬ 
paratively low values of plate resistance obtainable in triode amplifier 
tubes. In amplifier circuits using liigh-mu tubes such as tetrodes and 



(a) (b) 

Fig. 7-0. Equivalent circuit for the elementary amplifier circuit of Fig. 7-3. (a) Com 

stant-voltage-generator form, (6) eonbtant-current-generator form. 

pentodes the values of plate resistance are so high that the amount of 
voltage amplification obtainable is but a fraction of the amplification 
factor of the tube used. The large difference between the voltage ampli¬ 
fication of the circuit and the amplification factor of the tube is due to 
the high values of the plate resistance of the tetrodes and pentodes and 
the comparatively low values of plate-load impedance that must be used 
for practical amplifier circuits. vWhen the ratio between the plate 
resistance and the load impedance becomes great, the transconductance of 
the output circuit approaches the value obtained when the load imped¬ 
ance is practically zero. The voltage amplification of the circuit will 
then be dependent on the value of the tubers transconductance rather 
than on its amplification factor. This can be seen if Eqs. (7-1), (7-3), 
and (7-5) are expressed iiy terms of transconductance instead of amplifica¬ 
tion factor. Substituting Eq. (4-5) in Eq. (7-1) and regrouping the 
terms 

Z, + r^ 

Substituting Eq. (4-5) in Eq. (7-3) and regrouping, the voltage across the 
load impedance then becomes 

TpZo 

ep - ffmea 


(7-7) 



290 


ESSENTIALS OF RADIO 


[Art. 7-4 


Substituting Eq. (4-6) in Eq. (7-5) and regrouping, the voltage amplifi¬ 
cation of the circuit then becomes 


VA 


Qm 


TpZ o 

Zo + Tp 


(7-8) 


By rearranging the terms in Eq. (7-8), the output impedance required to 
produce a definite value of voltage amplification may be found by 



(7-9) 


From Eq. (7-7) it can be seen that the effect of applying a signal 
voltage eg to the input circuit of a tube may be considered the same as 
though the tube generated a current of a value equal to that is caused 

to flow through a parallel impedance formed by the plate resistance Vp 
and the load impedance Zo- It may thus be concluded that an amplifier 
circuit may also be considered in the form shown in Fig. 7-96, which is 
generally referred to as the constant-currcnt-gcnerator form. v/This type 
of circuit is very convenient for use in studying the operating character¬ 
istics of amplifier circuits using tetrodes, pentodes, and beam power 
tubes. 

The impedance of a tuned circuit at its resonant frequency has the 
effect of only resistance. When the load in the plate circuit of an r-f 
amplifier tube is a tuned circuit, the effective output impedance Zo at 
resonance will have the effect of only resistance and can therefore be 
added arithmetically to the plate resistance tp in Eqs. (7-G), (7-7), and 
(7-8). 

Applications of Equations (7-1) to (7-9). All the equations developed 
in this article are interrelated, and the following examples will serve to 
illustrate their applications. 


Example 7-2. A type 6SF5 triode, used as a voltage amplifier, has a plate resist¬ 
ance of 85,000 ohms and an amplification factor of 100 when operated with 100 volts 
on its plate and a grid bias of 1 volt. What is the voltage amplification of an ampli¬ 
fier stage using such a tube under these operating conditions when the load resistance 
is 65,000 ohms? 

Given: Find: 

Tp = 85,000 ohms VA = ? 

Ro » 65,000 ohms 

M “ 100 

Solution: 

TrA _ 100 X 65,000 

7^0 + rp ” 65,000 + 85,000 " 

Example 7-3. A 1-volt a-c signal (maximum value) is applied to the input side 
of the tube and amplifier circuit of Example 7-2. (a) What amount of variation will 
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this produce in the plate current? (6) What amount of voltage will be developed 
across the output load resistor? 

Given: 

Cp = 1 volt (max) 

/X - 100 

fp = 85,000 ohms 
Ro 05,000 ohms 

Solution: 

/ V 100 XI ^ ^ 

“ ieT+T, = 6 5r o oo~ +85,ooo “ 

(6) Cp = VA X €p =» 43.3 X 1 “ 43.3 volts (max) 

or 

Cp = ipRo = 0.666 X lO-^ X 65,000 = 43.3 volts (max) 

Example 7-4. A type 6SJ7 tube is operated as a Class A voltage amplifier. The 
transconductance of the tube is 1575 micromhos and the plate resistance is 700,000 
ohms when the tube is operated with 100 volts on its plate, 100 volts on the screen 
grid, and with a grid bias of 3 volts, (a) If the plate load is a tuned circuit, what must 
its effective impedance be in order to obtain a voltage amplification per stage of 90? 
(h) How much will the plate current vary when a 20-mv a-c signal is applied to the 
grid circuit of the tube? (c) What amount of voltage will be developed across the 
output load resistor? 


Find: 

(а) ip - ? 

(б) c, - ? 


Given: 

gm = 1575 /xnihos 
Tp = 700,000 ohms 
VA « 90 
Cp = 20 mv 

Solution: 


Find: 

(a) Zo ^ *t 
(h) ip - ? 
(c) Cp = ? 


(a) 

{c) 


VA: 


Bp 


' Qinfig 


_ 90 X 700,000 _ _ „„ „„„ , 

(1575 X 10-« X 700,000) - 90 ^ 

1575 X 10-* X 20 X 10-“ X 7 X 10“ _ 

- -- jo.y na, 


gmTp — VA 

Tp _ 

’ + r, 62,222 + 7 X 10‘ 

: ipZo = 28.9 X 10-* X 62,222 - 1.798 volts 


ep-VAe, = 90 X 20X 10-‘ = 1.8 volts 


7 - 6 . Radio-frequency Amplifier Circuits. Classification of Radio- 
frequency Amplifier Circuits. Amplifier circuits are generally classified 
according to the method used to couple the output circuit of the amplifier 
tube to the input circuit of the tube in the following stage. Thus an 
amplifier may be either a resistanee-capadtance-coupled, impedance- 
coupled, or transformer-coupled circuit. R-f amplifiers are generally 
either transformer-coupled or impedance-coupled. Resistance-capaci¬ 
tance coupling is used occasionally for r-f amplifiers when an untuned 
amplifier circuit is desired. 

VoUage Amplifieation of Tuned-radio-frequency Amplifier Circuits. 
From Eq. (7-5) it can be seen that theoretically the voltage amplification, 
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or gain per stage, can be increased by (1) using a tube with a highei 
amplification factor but with approximately the same value of plate 
resistance, (2) using a tube with a lower value of plate resist anc.e but 
with the same amplification factor, (3) increasing the value of the load 
impedance. 

Practically, these considerations will hold only for triodes. High- 
gain r-f amplifiers very seldom use triodes because of the undesired cou¬ 
pling produced by the interelectrode capacitances, hence pentodes are 
generally used for r-f amplifiers. 

The plate resistance of r-f pentode voltage amplificT tubes is very 
high, some of these tubes having a plate resistance in the order of a mil- 


Cs 



( 0 ) 


Fia. 7-10.—R-f amplifier circuit using tuned-impedance coupling, (a) Actual circuit 

(6) equivalent circuit. 

lion ohms. The amplification factor is likewise very high, some tubes 
having an amplification factor in the order of one thousand. The con¬ 
struction of these tubes is such that there is practically complete electro¬ 
static shielding between the plate and the control grid. The net result of 
all these factors is that greater amplification can be obtained with a 
pentode r-f voltage amplifier than with any other type of tube. 

The plate load of a transformer-coupled r-f amplifier consists of the 
primary winding of the r-f transformer and the impedance coupled from 
its tuned secondary circuit (see Fig. ,7-14a). For impedance-coupled 
r-f voltage amplifiers the plate load consists of only the tuned circuit 
(see Fig. 7-lOa). In actual practice the load impedance of these circuits 
will be only a small fraction of the value of the plate resistance, therefore 
when Tp and Zo are considered as being in parallel with one another 
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(Fig. 7-96), the resultant impedance will be practically equal to^the value 
of the load impedance. Equations (7-7) and (7-8) may then be simplified 
as 

Cp = Qm^gZo (7-10) 

VA = grnZo (7-11) 

From these two equations it can be seen that the output voltage and the 
voltage amplification will increase with an increase in the value of the 
output load impedance. As parallel tuned circuits offer a high impedance 
at their resonant frequency they are generally used as the plate load in 
r-f circuits. 

Tuned Impedance-coupled Radio-frequency Amplifiers. This type of 
circuit is ordinarily used in transmitters but is also occasionally used in 
receivers. An r-f amplifier circuit using impedance coupling is shown in 
Fig. 7-1 Oa. The coupling clement consists of the tuned LC circuit, which 
is also the plate load. When the tuned circuit is adjusted so that it is in 
resonance with a desired signal, the maximum voltage will be developed 
across the tuned circuit. This voltage will vary in accordance with the 
r-f modulated input signal voltage. The varying voltage is applied to 
the grid circuit of the next stage through the coupling capacitor Cb, which 
allows the varying signal current to flow through it and at the same time 
keeps the B voltage out of the grid circuit. 

Because of the low d-c resistance of the inductor L, the d-c voltage 
drop across the inductor will be very small. The voltage applied to the 
plate of the tube will therefore be practically equal to the voltage of the B 
power supply. At resonance the impedance of the parallel tuned circuit 
will be at its maximum value and will be equal to the product of the cir¬ 
cuit Q and the inductive reactance [Eq. (2-56)]. The resultant reactance 
at this frequency (Xl — Xc) will be practically zero, therefore the 
impedance ,mll not only be high but will offer a pure resistance load to the 
plate of the tube. 

Voltage Amplification of a Tuned Impedance-coupled Radio-frequency 
Amplifier. The constant-current-generator form of equivalent circuit 
for the tuned impedance-coupled amplifier circuit of Fig. 7-lOa is shown 
in Fig. 7-106. In actual circuits the value of the grid-leak resistance is 
made much higher than the parallel impedance of the resonant circuit. 
The plate resistance of pentodes is of the order of one megohm. The 
impedance of the output circuit, with a fair degree of approximation, can 
therefore be considered as being equal to the parallel impedance of the 
tuned circuit. Thus from Eq. (2-56) 


Zo^ZT.r^2irfLQ 


( 7 - 12 ) 
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An approximate value of the voltage amplification at resonance may then 
be obtained by substituting Eq. (7-12) in Eq. (7-11) 

VA ^ gn^irfLQ (7-13) 

Substituting Eq. (2-58) in Eq. (7-13) 

VA ^ (7-13a) 

K L 

Substituting Eq. (2-8) in Eq. (7-13a) 

VA ^ (7-14) 

Rl 



n l I I I I I I I I I I I 0 1 I < I I I « I I I I » 
500 600 TOO 600 900 1000 ItOO 1200 OOO MOO 1500 1600 500 600 700 800 900 1000 1100 1200 1300 MOO 1500 1600 

Frequency, kilocycles Frequency, kilocycles 


(a) (b) 

Fig. 7-11.—Effect of frequency on the characteristics of a coil, (o) Variation of coil 
resistance with frequency, (6) variation of coil Q with frequency. 

In the above equations Rl represents the high-frequency resistance of 
the inductor L. The exact resistance value of this coil is very diflScult to 
calculate, as it is dependent in a complex manner upon the physical 
characteristics of the coil and the frequency of the current. It is desir¬ 
able that the voltage amplification of an amplifier be fairly uniform for 
the entire range of frequencies in any one band. In order to obtain this 
condition it is necessary that the coil be of the correct size and shape and 
that it be wound with the correct size of wire, so that the high-frequency 
resistance of the circuit will vary in such a manner as to produce fairly 
uniform amplification for the band of frequencies being considered. The 
curves in Fig. 7-1 lo illustrate the variation of resistance with frequency 
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for two coils having the same value of inductance but with different 
physical characteristics. The curves in Fig. 7-116 illustrate the variation 
of coil Q Avith frequency for these two coils. 

The ratio of the effective Q of the amplifier circuit to the Q of the tuned 
circuit will depend upon the value of plate resistance for the tube used. 
The plate resistance of pentodes is very high, therefore the Q of the ampli¬ 
fier circuit employing pentodes will be practically equal to the Q of the 
timed circuit. The plate resistance of triodes is low, therefore the 
effective Q of amplifier circuits employing triodes will normally be much 
lower than the actual Q of the tuned circuit. 

Example 7-5. A tuned impedancc-coupled r-f amplifier similar to the circuit 
shown in Fig. 7-10a uses a type 1N5-GT tube. For the conditions under which the 
tube is being operated the value of is 750 micromhos. The coil has an inductance 
of 280 fih and its resistance at 1000 kc is 11.2 ohms. What is the voltage amplifica¬ 
tion of the circuit when the frequency of the input signal is 1000 kc? 

Given: Find: 

= 750 X 10”« mhos VA - ? 

L *= 280 X 10“® henry 
R * 11.2 ohms 
/ « 10* cycles 

Solution: 


xrA _ Om&TfLy 750 X 10***(6.28 X 10* X 280 X 10~«)2 _ 

VA = .. =-- 


Example 7-6. The inductance of an impedance-coupled r-f amplifier is 125.6 /ih. 
The high-frequency characteristics of the coil used are illustrated by the curves drawm 
for coil B (Fig. 7-11). Tlie transconductance of the tube used is 1575 micromhos. 
What is the voltage amplification of the circuit at (a) 500 kc? (6) 1000 kc? (c) 1500 kc? 


Given: 

L = 125.6 fth 
Qm “ 1575 micromhos 
Curves, Fig. 7-11 

Solution: 


Find: 

(а) VA at 500 kc 

(б) VA at 1000 kc 
(c) VA at 1500 kc 


VA - g^2irfLQ 

Qtoo « 145, Qiooo * 125, Oi6oo = 58, from Fig. 7-1 lb 
(o) VA « 1575 X 10-* X 6.28 X 500 X 10* X 125.6 X 10“* X 145 « 90 

(b) VA « 1675 X 10-* X 6.28 X iqpO X 10* X 125.6 X 10-* X 125 « 155 

(c) VA « 1575 X 10~* X 6.28 X 1500 X 10* X 125.6 X 10~« X 58 « 108 


Untuned Radio-frequency Amplifier Circuits. Untuned r-f amplifier 
circuits do not have the high selectivity or the high amplifying qualities 
that are characteristic of the tuned circuit. The only reason for using 
untuned circuits would be to prevent the selectivity of an r-f amplifier 
from becoming too great. Because of the high-frequency discriminating 
qualities of a tuned amplifier, the selectivity may become too critical 
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when several stages of r-f amplification are used. An untuned amplifier 
may be added to reduce the degree of selectivity; untuned impedance- 
coupled amplifiers are generally used for this purpose. An r-f amplifier 
circuit using untuned impedance coupling is shown in Fig. 7-12a. The 
circuit of such an amplifier is similar to the tuned impedance r-f amplifier, 
illustrated in Fig. 7-lOa, except for the r-f choke that is used as the cou¬ 
pling element in place of the tuned circuit. The constant-current- 
generator form of equivalent circuit for the untuned impedance-coupled 
amplifier circuit of Fig. 7-12a is shown in Fig. 7-125. 


C6 



(b) 

Fiq. 7-12.—R-f amplifier circuit using untuned-impedance coupling, (a) Actual circuit, 

{h) equivalent circuit. 

Resistance-capacitance-coupled Radio-frequency Amplifier Cireuits. A 
resistance-capacitance-coupled r-f amplifier is another form of untuned 
r-f amplifier. A typical resistance-capacitance-coupled r-f amplifier 
circuit is shown in Fig. 7-13a. The variation in the plate current flowing 
through the coupling resistor Re will produce a variation in the voltage 
drop across this resistor, thus varying the voltage applied to the grid of 
the next tube. The high d-c plate voltage is isolated from the grid circuit 
by means of the blocking capacitor Cl and the grid-leak resistor Rg, 
The resistor Rg provides a path for discharging the capacitor Ci,, which 
might otherwise block the action of the tube when the capacitor becomes 
charged. 

The equivalent circuits for this type of amplifier are shown in Figs. 
7-136 and 7-13c. The interelectrode capacitance between the plate and 
cathode and the stray capacitance of the wiring between the plate circuit 
and the blocking capacitor Ch is represented by the capacitor C^. The 
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interelectrode capacitance between the grid and cathode of the following 
tube and the stray capacitance of the wiring between the blocking capaci¬ 
tor and this grid circuit is represented by the capacitor Cg, 

The capacitance Cp shunts the resistor Rcj thus causing some of the 
alternating output current from the plate of the tube to be by-passed 
through this capacitance. Since the voltage applied to the grid of the 
following tube is dependent on the voltage developed across Rc and as 
this voltage is dependent on the amount of current flowing through it, 



(CL) 

ro Ck 



(cj 


Fi(}, 7-13.—U-f amplifier circuit using resistance-capacitance coupling, (a) Actual 
circuit, (?>) constant-voltage-generator form of equivalent circuit, (c) constant-current- 
generator form of equivalent circuit. 

the efficiency of this arrangement is decreased because of the capacitance 
Cp. The capacitance Cg shunts the resistor Rg, thus further decreasing 
the efficiency of this type of coupling. The impedance of the capaci¬ 
tances Cp and Cg will vary inversely with the frequency, therefore at 
radio frequencies these impedances mil be small and the amount of 
current by-passed will be large. The efficiency of this type of amplifier 
will therefore be low when used in r-f circuits and for this reason it is not 
generally used in such circuits. 

The circuit elements required for a resistance-capacitance-coupled 
amplifier are small and their cost is comparatively low. High resistance 
values required for the coupling resistance are easily obtained, thus 
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enabling pentode-type amplifier tubes to be operated at high gain. The 
interelectrode capacitances have very little effect at the usual audio fre¬ 
quencies. Because of these features resistance-capacitance coupling is 
used extensively for a-f amplifiers. Resistance-capacitance-coupled ampli¬ 
fiers will therefore be considered in greater detail in the following chapter. 

Another reason for not using resistance-capacitance coupling in r-f 
circuits is that modem receivers generally employ more than one stage of 
tuning in order to obtain the desired selectivity. The transformers 
required to obtain this selectivity are also used to couple one circuit to 
another. Resistance-capacitance coupling does not contribute anything 
to the gain and selectivity of the amplifier, whereas the transformer does. 

Resistance-capacitance-coupled amplifiers will amplify signals over a 
wide range of frequencies without the necessity of making adjustments 
to any of its component parts. This feature is especially adapted to a-f 
amplifier circuits, and to f-m and television r-f circuits. 

Resistance-capacitance-coupled r-f amplifiers are sometimes used in 
receivers employing mechanical or electrical push-button tuning. By 
this means it becomes possible to overcome the difficulty of equalizing all 
sections of the multiple tuning capacitor. 

Radio-freqicency Amplifier Circuits Having a Tuned Secondary, R-f 
amplifiers with a tuned secondary are used extensively in radio receivers. 
A great deal of selectivity, fidelity, and amplification of the incoming 
signal will depend on the design of the r-f amplifier. The schematic 
wiring of a typical tuned-secondary r-f amplifier circuit is shown in Fig. 
7-14a. This circuit differs from the impedance-coupled amplifier only 
in the manner in which the tuned circuit is connected to the plate of the 
tube. With the transformer-coupled amplifier the tuned circuit is 
coupled inductively to the plate, and with impedance coupling the tuned 
circuit is connected directly to the plate. For this reason the circuit 
shown in Fig. 7-lOa is sometimes referred to as being directly coupled. 
Although differing in details of analysis, the actions of both of these will 
be the same. 

For all practical purposes the equivalent circuit may be considered in 
the constant-voltage-generator form as shown in Fig. 7-146 or in the 
constant-current-generator form of Fig. 7-14c. In either case the equiva¬ 
lent circuit is a simple coupled circuit whose output load impedance may 
be found by applying the rules for analyzing coupled circuits. For the 
^onstant-voltage-generator form, the load impedance will be 


2irfMQ 

1 I 


(7-15) 


where M ^ K y/LpLs- 
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Substituting this value of Z* in Eq. (7-11) 


VA 


2irfMQ 

Bsrp 


(7-16) 


When the amplifier tube is of the pentode type, to plate resistance is 
so high that the voltage amplification, to a fair degree of approximation. 



(c) 


Fig. 7-14.—R-f amplifier circuit having a tuned secondary, (a) Actual circuit, (fe) 
constant-voltage-generator form of equivalent circuit, (c) constant-current-generator form 
of equivalent circuit. 


c'.an be simplified as follows 

VA ^ gJirifMQ (7-17) 

The maximum amount of amplification will be obtained when the 
coupled impedance — - (at resonance) and the plate resistance are 

equal to each other. This seems to contradict the thought expressed 
earlier in this chapter that the voltage amplification increases contin¬ 
uously as the load impedance is made larger than the plate resistance. 
However, in circuits employing a transformer the output voltage is 
obtained at its secondary terminals and will be at its maximum value 
when the maximum amoimt of energy is transferred from the primary 
to the secondary. From Arts. 2-28, 2-29, and 2-30, it can be seen that 
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maximum energy transfer, and hence maximum voltage amplification, 

occurs when - is equal to r^. It is only possible to obtain this 

condition for amplifier circuits using triodes. When triodes are used, 
transformer coupling provides a means of matching the output impedance 
Zo with the plate resistance Vp in order that maximum voltage amplifica¬ 
tion may be obtained. In the case of pentodes, the plate resistance is so 
high that it is impossible to obtain a load impedance whose n^actanc^e is 
anywhere near this value. For amplifier circuits using pentodes the 
amplification will be dependent upon the amount of coupling. This can 
be seen by observation of Eqs. (7-17) and (2-0). 


Example 7-7. A tuned-secondary r-f amplifier, similar to Fip;. 7-14a, uses a type 
1E5-GT tube, and the voltages applied to its elements produce a transeondmitance of 
650 micromhos. The values of the circuit elements are as follows: Lp — 30 /xh, 
Ij8 “ 300 ixh, Ra ^ b ohms, K = 0.3, / = 1000 ke. What is th(‘ voltage amplification 
t)f the circuit? 



7-6. Intermediate-frequency Amplifier Circuits. Advantages of Inter- 
mediate-frequency Amplifiers. An intermediate-frequency amplifier is 
an r-f amplifier circuit designed to amplify signals of a definite narrow 
band of frequencies instead of a wide band of frequencies. This type of 
amplifier is more efficient than the usual r-f amplifier as it can be designed 
to produce optimum Q for the frequency at which it is to operate, thus 
oroducing maximum amplification. 

In most radio receivers the i-f amplifier has a tuned primary and a 
timed secondary. This type of amplifier circuit improves both the 
selectivity and fidelity of reception. The advantage of having both the 
primary and secondary circuits tuned can be seen from Fig. 7-15. Curve 
A shows the response of an amplifier having only one tuned circuit and 
curve B shows the response of an amplifier with two tuned circuits. It 
is quite evident that curve B more nearly approaches the ideal response 
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shown by curve C. Because of these features the i-f amplifier is used in 
the majority of modern radio receivers. 

Band-pass Amplifiers. In order to obtain high fidelity and high 
selectivity the ideal response curve should have a flat top and straight 
sides. Although it is impossible to obtain this ideal, it can be closely 



Fig. 7-15.—Response curves of tj^pical amplifier circuits. Curve A, amplifier with a 
single tuned circuit. Curve B, amidifier with two tuned circuits that are tightly coupled. 
Curve C, the ideal response curve. 



dyne receivers. 

approximated by using two resonant circuits tuned to the same frequency 
and coupled to each other (see Fig. 7-16). Such a circuit is called a 
band-pass amplifier and is used as an i-f amplifier in superheterodjme 
receivers. 

Variable-coupling Intermediate-frequency Transformers. The width 
of the frequency band that will be passed will vary with the amount of 
coupling existing between the primary and secondary windings (see Art. 
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2-30). The effect of the coefficient of coupling upon the width of the 
band passed is expressed by 

Width of band pass = .fiT/, (2-84) 

The average low-cost receiver uses coils having a fixed amount of 
coupling, while the more expensive receivers use i-f transformers that are 
provided ^vith a means of varying the amount of coupling between the 
primary and secondary windings. Figure 7-17a illustrates a typo of 



Fig. 7-17—Illustratjon of variable coupling used for an i-f stage (a) A variable 
^upling i-f transformer, (2>) effect of various coupling values on the tiansmission char¬ 
acteristics of a single transformer as shown in (a). {Courtesy of Hammarlund Manufacture 
ing Company, Inc.) 

variable-coupling i-f transformer. This type of transformer has pro¬ 
visions for varying the mutual inductance between the primary and 
secondary windings throughout a wide range of values without otherwise 
affecting the circuit constants. Its approximate range is from one-third 
of critical coupling to more than three times critical coupling. Con¬ 
tinuous variation between these limits may be controlled from the receiver 
panel by providing some form of mechanical arrangement for adjusting 
the relative positions of the coils. Wliere continuous variation is not 
desired, the coupling may be adjusted to the desired value and locked at 
that point. The width of the band pass should be equal to twice the 
value of the highest audio frequency being transmitted. The maximum 
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values of audio frequencies used are approximately 6 kc for general broad¬ 
cast transmission and 10 kc for high-fidelity transmission. 

The slope of the sides of the response curve will vary with the value 
of Q for the circuit. Increasing the value of Q will make the slope of the 
curve steeper and will provide greater attenuation of the signal for fre¬ 
quencies outside of the desired band. The slope of the response curve 
will also increase with the number of i-f transformers used (see Art. 
6-6 and Fig. 6-14). In a single-stage i-f amplifier (Fig. 7-19) two trans¬ 
formers are used and in a two-stage i-f amplifier three transformers would 
be used. The curves shown in Fig. 7-176 indicate the variation in the 
ratio of input to output voltage with changes in frequency and also show 
the effect of varying the coupling by changing the spacing between the 
primary and secondary mndings. Figure 7-18 is an enlargement of the 
curve of Fig. 7-176 for the case when A is inch. As a single stage of 
i-f amplification requires the use of a tube and two i-f transformers, the 
over-all selectivity of the stage must include the effect of both trans- 



Fig. 7-18.—Curve showing variation of the ratio of output volts to input volts with changes 

in frequency. 

formers. The attenuation of the output voltage at frequencies off 
resonance, which is a measure of the selectivity, may be found for a single 
transformer at various conditions of coupling from the curves of Fig. 
7-176. If the two transformers used in a single-stage i-f amplifier are 
similar, the overall attenuation in voltage can be found by squaring the 
value of the ordinate obtained from the response curve. In the case of a 
two-stage i-f amplifier using three identical transformers, the attenuation 
can be found by raising the value of the ordinate to the third power. 

Example 7-8. A single-stage i-f amplifier uses two identical transformers with 
such a value of coupling that produces a response curve similar to Fig. 7-18. (a) 

What is the per cent of voltage output of the stage at 5 kc off resonance when the 
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effect of coupling is considered? (6) What is the per cent of voltage output of the 
stage at 7.5 kc off resonance when the effect of coupling is considered? 

Given: Find: 

Curve, Fig. 7-18 (a) Per cent of voltage 

(a) / off resonance = 5 ko (h) Per cent of voltage 

(h) f off resonance “ 7.5 kc 

Solution: 

(a) Per cent of voltage at 5 kc off resonance for one transformer = 80 (from curve, 
Fig. 7-18) 

Per cent of voltage for the stage = (0.8 X 0.8) X 100 = 64 per cent 
(h) Per cent of voltage at 7 5 kc off resonance for one transformer = 40 (from curve, 
Fig. 7-18) 

Per cent of voltage for the stage = (0.4 X 0.4) X 100 = 16 per cent 



Choice of the Intermediate-frequency Value, Various values of fre¬ 
quency are used for the i-f amplifiers of radio receivers. A frequency of 
175 kc had been used for the broadcast band for a number of years but 
was found unsatisfactory. Most modern receivers, both single-band and 
multiband, use an i-f frequency of between 450 and 465 kc. Frequencies 
in the region between 250 and 270 kc are also used to a limited extent. 
In order to prevent image reception the choice of i-f frequency will depend 
on the number of tuned circuits in the receiver. I-f amplifiers form a 
definite part of all superheterodyne receivers, therefore the factors affect¬ 
ing the choice of i-f frequency will be considered in greater detail in Chap. 
XIV. 

Voltage Amplification of a Band-pass Amplifier. The extensive use of 
band-pass amplifier circuits in the i-f stages of superheterodyne receivers 
makes it desirable to understand the factors that affect the voltage 
amplification or gain of this type of circuit. As the mathematics and 
circuit analysis involved in deriving the equation for the voltage ampli¬ 
fication are quite diflScult, the equation will be presented here without the 
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derivation. However, the derivation is presented at the end of this 
article for those whose mathematical knowledge will enable them to 
follow the procedure. Thus, the voltage amplification of a band-pass 
amplifier circuit at a common resonant frequency for the two tuned 
circuits is 


VA = g„.K 


27rfr \/LpIj s 


A'2 + 


QiQ. 


(7-18) 


Example 7-9. An i-f amplifier stage is to operate at 460 ke and its coils are adjusted 
so that the coefficient of coupling is 0.02. The circuit employs a type 6D6 tube, 
whos(‘ transeonductane(‘ is 1500 micromhos. The inductance of the primary and 
secondary windings are each 800 ^th. The Q of the primary circuit is 100 and that of 
the secondary is 120. What is the voltage amplification of the circuit? 

Given: Find: 

fr = 460 kc VA = ? 

K = 0.02 

gm = 1500 micromhos 
Lp - 800 Mh 
Ls = 800 /uh 
Qp = 100 
Qs == 120 


Solution: 


VA - g„,K 


r 2irfr "y/LpLn 


A* + 


QpQs 


1500 X 10-« X 0.02 X 6.28 X 460 X 10-* VSOO X 10 » X 800 X 10”« 


0.022 


_L_ 

JOO X 120 


= 143 


Examination of Eq. (7-18) will show that the voltage amplification is 
dependent upon the value of A. The maximum voltage amplification 
will occur when the coefficient of coupling is of such a value that ^vill 
produce the maximum transfer of energy. This amount of coupling is 
called the critical coupling and occurs when the resistance coupled into 
the primary by the secondary is equal to the resistance of the primary, 
or from Eq. (2-09) 

Rp = Rp-s' = ^ (7-19) 

S 

But, at resonance Za^ = Ua*, hence 


_ {2^frMr 

— Rr~ 


(7-19a) 


and 


RpRa = K.\2^rYLpLa 


( 7 - 196 ) 
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RpRs = Ke^X L.pX L.s 

(7-19c) 

2 R pR a 

' ~ Xl.pXls 

(7-19d) 

IT 2 = _L_ 

‘ QpQ, 

(7-19e) 

Kc- } 

VQpQs 

(2-85) 


The maximum possible amplification of the band-pass amplifier at 
its resonant frequency can then be found by substituting Eq. (2-85) in 
Eq. (7-18), which then becomes 


= g„ 


1 27r/r \/LpL s 


VQpQ 


xQpQs QpQsJ 


pQs Qp(\ 

By regrouping and simplifying 

VAmax ~ Qm^fr '^/LpLs^P^S 


(7-20) 

(7-21) 


Example 7-10. What is the maximum possible voltage amplification of the 
amplifier circuit of Example 7-9? 

Given: 

fr =* 460 kc 
gm = 1500 micromhos 
Lp =» 800 /ih 
Ls =* 800 /xh 
Qp - 100 
Qa « 120 

Solution: 

VAn»M “ gmvfr V LpLsQpQs 

« 1500 X 10-« X 3.14 X 460 X 10* 

VSOO X 10-» X 800 X 10-« X 100 X 120 « 190 


Find: 


When the primary and secondary circuit Q^s are equal, in addition to 
their values of inductance being equal, Eq. (7-21) may be further simpli¬ 
fied, as 

= gmicfrLpQp (7-21a) 

By comparing Eqs. (7-21a) and (7-13) it can be seen that the voltage 
amplification of a band-pass amplifier circuit is only one-half tl^at pro¬ 
duced by an amplifier stage containing but a single tuned circuit. How¬ 
ever, the advantage gained in the selectivity with the band-pass amplifier 
generally outweighs the disadvantage of reduced voltage amplification. 

Derivation of Equation for Voltage Amplication of a Band-pass Ampli¬ 
fier Circuit. The following is the derivation of Eq. (7-18) and is intended 
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for those students whose mathematical and electrical circuit knowledge 
enables them to follow this complex solution. For those students with 
less mathematical training it is suggested that they accept the validity of 
Eq. (7-18) and proceed immediately to the following article, 7-7. 

The circuit diagram of a band-pass amplifier is shown in Fig. 7-20a. 
This may be redrawn in its equivalent constant-current-generator form 
as shown in Fig. 7-206. This may be further simplified by means of 




Fig. 7-20.—Single-stage i-f amplifier, (a) Actual circuit, (h) equivalent circuit. 

Th^venin^s theorem. According to this theorem, when switch S (Fig. 
7-2la) is open and the generator is considered as an open circuit, the 
circuit ac may be replaced by an equivalent series resistance and react¬ 
ance, Eeo and X^, whose impedance will be equal to Zac- The generator 
voltage E is replaced by an equivalent voltage that is equal to the 
voltage Eae when no load is applied. 

The impedance of the parallel circuit Zac of Fig. 7-216 can be found by 


Zae 


E 


TpXc 


j©'*© 


* Vrp* + X.* 


(7-22) 
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The phase relation between the line current and line voltage is shown in 
Fig. 7-21c and is expressed by 

E 

nnc a — ^1' — l'7 00 \ 




(7-23) 


«)■*«:)' 


Vr/ + 


(7-24) 


An equivalent series circuit must offer the same impedance to the 
flow of current and must produce the same phase relation between the line 

c—r-rr-i—r 



1 

1 

1 

1 X- 

1 

r-® 


c 

1 

1 

/ i 

1 

1 

1 



* 


(b) 




Fio. 7-21.—Bund-pass amplifier circuit characteristics, (a) Equivalent circuit, con¬ 
stant-current-generator form, (6) parallel portion of the equivalent circuit, (c) vector 
relation of the currents and voltages of the circuit shown in (6). 

current and line voltage. From the vector relation between the resist¬ 
ance, reactance, and impedance of a series circuit (Fig. 7-22a), it can be 
seen that 

= Z cos 0 (7-25) 

= Z sin e (7-20) 

Substituting Eqs. (7-22), (7-23), and (7-24) in Eqs. (7-25) and (7-26). 
then 

-f- Xe^ V Xc“ i 

TpXc f*p Xk c 

“I" -^c* "h 


(7-25o) 


X, 


(7-26o) 







Art. 7-6J 


RADIO-FREQUENCY AMPLIFIER CIRCUITS 


309 


As the voltage E is to be replaced by an equivalent voltage that is 
equal to the voltage across ac (Fig. 7-21o) when no load is applied, then 


E^ 


E 


VRr/ 




X, 


(7-27) 


The circuit of Fig. 7-21?) may thus be replaced by the circuit of Fig. 
7-22/>, and the circuit of Fig. 7-21 a may be replaced by that of Fig. 7-22c. 







Ccj 

Fig. 7-22.—Band-pass amplifier circuit characteristics, (a) Vector relation of the 
equivalent series circuit substituted for the circuit of Fig. 7-216, (h) the equivalent series 
circuit of Fig. 7-216, (c) simiilified equivalent circuit of Fig. 7-21 o. 


However, in band-pass amplifier circuits, particularly those using 
pentodes, Vp is much greater than Xc and hence Kqs. (7-25a), (7-26a), 
and (7-27) are approximately equal to 

^ — (7-25fe) 

, fp 

X^ ^ X, (7-26b') 

E^^E (7-27a) 

The circuit may now be drawn in its simplest form as shown in Fig. 7-23. 
The voltage amplification of any circuit is expressed by the equation 

VA = ^ (4-6) 

eg 

In this case the voltage c, will be 

= IsXc.8 (7-28) 

[n the explanation of coupled impedance (Art. 2-29) it was shown that 
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( 2 rfM)Ip ( 2 - 66 ) 

Zs 

As it is desired to determine the voltage amplification at only the resonant 
frequency, then Eq. (2-66) becomes 

= iMlMlh (7-29) 

Rs 

The primary current will be equal to the applied voltage divided by the 
impedance of the primary circuit plus the impedance coupled into the 
primary by the secondary. This coupled impedance will be 


-vww^ 


M 


r' 


^'g-~9m^g^cP 




When r^^Xl.p, 

'Rp*^ 

Xc.p’Xg.p, Cp=Cp 

Fig. 7-23.—Simplified equivalent series nirouit of Fig. 7-20. 


Rp—s' — 


{2irfM)^R3 

Z^ 


(2-G9) 


and at resonance becomes 


p _ {2-gmy 

np-a’ -P- 

Its 


(7-30) 


From Fig. 7-23 it can be seen that the primary current may be expressed 
as 


T C'P 

(WTP 


Zp + 


Ra 


Substituting Eq. (7-31) in (7-29) 

r Hrrfig^ C*P 

la — - -- 


Zp 


(2*-/,M)* 


Also 


lB=i 

VA 


Ra 

'"^~Wa 
(2ir/,Af)fif„e„Xc.i> 


ZpRa + (2R/,Jlf)* 
Cp _ laXc.a 


(7-31) 

(7-32) 

(7-32a) 

(7-33) 
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Substituting Eq. (7-32a) in (7-33) 


VA = (2TfTM)gn,egX CpXc.S 
e^lZpRs -H (27r/4/p] 


(7-33o) 


Dividing both the numerator and denominator by e,, regrouping the 
terms, and observing that Zp = Itp' (at resonance), 

{%rfrM) = K{2trfr y/LpLa), and {^irfrMY = R-^Xi 


i L L-S 


VA = y/LpLs)Xc-pX C-8 

Rp‘Rs + K^Xl.pXl^s 


(7-336) 


Dividing both the numerator and denominator by Xl.pXl.s and noting 
that at resonance Xl.p ~ Xc.py Xl.s — Xc.sj 

Rp' __ 1 , Rs 1 

Qp Qs 


Xl.p 

VA 


Ha grouping those terms 


VA = gmK 


gmK{2Trfr \/LpLs) 
QpQs ^ ^ 

2‘Kfr y/LpLs 


(7-33c) 


-j- 


(7-18) 


QpQs 


Example 7-11. An i-f amplifier stage is made to operate at 460 kc by adjusting 
the coupling between the primary and secondary circuits to 0.02. The capacitance 
of each circuit is set at 119 ntd. The inductance of each coil is 1 mh and the high- 
frequency resistance of each coil is 24 ohms. A type 6K7 tube is used and is operated 
with 250 volts applied to its plate, 125 volts to the screen grid, and with a grid bias of 
3 volts. What is the voltage amplification of this amplifier stage? 

Find: 

VA - ? 


Given: 


fr - 

460 kc 

K - 

0.02 

Cp = 

Ca - 119 Hilt 

Lp - 

La = 1 mh 

Rp - 

Ra = 24 ohms 

Tube 

-6K7 


Solution: 

VA 


QnJi 


^irfr y/LpLs 




1 


QpQs 

gm “ 1660 /tmhos (from Appendix XV) 
rp ** 600,000 ohms (from Appendix XV) 
27rfrLs 6.28 X 400 X 10^ X IQ-^ 
/2s “ ‘21 

p Xc* __ _ 


Os 


120.4 


600,000(6.28 X 460 X 10* X 119 X 10-«)* 


14.1 ohms 



312 


ESSENTIALS OF RADIO 


[Art. 7-7 


Qp 


2irfrLp 0.28 X 460 X 10’ X lO^* 


Rp Kc. 


24 -h 14.1 


- 75.82 


VA = gn^K 


r-w 27r/*r ^^LpLs 


A'2 + 


QpQs 


1650 X io~<» X 20 X 1 0-* X 0 .28 X 460 X 10-^ 
(20 X 10-’)2 + 


187 


75.82 X 120.4 


Example 7-12. What is the maximum amount of voltage amplification that co 
be obtained from the amplifier circuit of Example 7-11? 

Given; Find: 

fr = 460 kc VAmax * ? 

Lp — Ls = 1 mh 
Qm “ 1650 micromhos 
Qp - 75.82 
Qs * 120.4 

Solution: 

VA = QmTrfr \/IpI sQpQs 

- 1650 X 10“« X 3.14 X 400 X 10* VFOr^ X 10"» X 75.82 X 120.4 = 227 


7-7, Multistage Radio-frequency Amplifier Circuits. Need for Multi¬ 
stage Radio-frequency Amplifier Circuits, In order to obtain the selec¬ 
tivity and amplification required in modern radio receivers it is desirable 
to employ more than one stage of r-f amplification. In the previous 
chapter it was showji that a single stage of tuning does not provide 
sufficient selectivity for satisfactory reception and hence multiple-stage 
tuning is used (see Art. 6-6). Each tuning circuit generally also accom¬ 
plishes some amount of r-f amplification, therefore if two or three stages of 
tuning are used the receiver mil consequently have two or three stages of 
r-f amplification. 

Amplification of the desired signal can be accomplished before it 
reaches the detector, as in the case of r-f amplification, or after it leaves 
the detector, as in the case of a-f amplification. In the early stages of 
radio development, receivers used both r-f and a-f amplification. This 
practice was necessary because only triodes were available for r-f ampli¬ 
fier circuits and it was therefore impossible to produce sufficient r-f 
amplification without causing feedback. Furthermore, a strong signal 
could not be applied to the detector circuit without causing distortion. 
The development of high-gain pentode r-f amplifier tubes, power detec¬ 
tors, and pentode power tubes made it possible to employ a greater 
amount of r-f amplification and less a-f amplification. Audio-frequency 
amplifiers amplify static and other undesired noises in the same propor¬ 
tion that they amplify the audio signal, thus causing the final output of 
the receiver to be noisy if a great amount of a-f amplification is used. 
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The frequency of static is so low that its effect is comparatively small in 
r-f amplifiers. Because of this, and also because r-f amplifiers are essen¬ 
tial to all receivers, the tendency in modern radio design is to use a greater 
amount of r-f amplification and less a-f amplification. 

Multiple-stage Radio-frequency Amplifier Circuits, A multiple-stage 
amplifier circuit consists of two or more single-stage amplifier circuits 



Fig. 7-24.—A two-stage tuned transformer-coupled r-f amplifier circuit. 


coupled to each other. When more than two stages of r-f amplification 
are used, it is not necessary that they employ the same method of coupling 
throughout. A simple two-stage tuned transformer-coupled circuit is 
shown in Fig. 7-24. An r-f amplifier circuit using both impedance and 
transformer coupling is sho\\Ti in Fig. 7-25. 

Feedback, Feedback occurs when a portion of the current present in 



Fig. 7-25.—An r-f amplifier circuit using both impedance coupling and transformer 

coupling. 

one circuit is fed back to a preceding circuit. Feedback may take place 
through any of the various types of coupling such as capacitive, inductive, 
or resistive coupling. In amplifier circuits containing two or more stages, 
coupling may exist in each of these three types. Capacitive coupling 
may take place through capacitors, stray capacitance, or through the 
interelectrode capacitance of tubes. Inductive coupling may take place 
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tuning capacitor from each other an^by enclosing each coil in a copper 
or aluminum can (sec Fig. 7-26).^^xtreme care must be exercised in 
using shields, for unless shielding is properly employed the output of the 
amplifier circuit will be reduced considerably. This can be seen from 
Fig. 7-26, in which the winding and the shield form the plates of a capaci¬ 
tor and the space between them acts as a dielectric. This capacitor acts 
in the same manner as the distributed capacitance of the coil, thus 
increasing the minimum capacitance of the tuning circuit and thereby 
decreasing its effective tuning range. 

Another effect of shielding that must be taken into consideration is 
that produced by the magnetic field when a current flows in coils adjacent 
to shields. The magnetic lines set up by the current flowing in the coil 
cut the metal shield and set up eddy currents in the shield. These eddy 
currents produce a loss of energy and act in the same manner as increasing 
the resistance of the coil. 
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QUESTIONS 

1. What is meant by amplification? 

2. What is an r-f amplifier? 

8 . Name and define two fundamental types of amplifiers. Where is each used? 
#4. What are i-f amplifiers? What are the frequencies commonly used for i-f 
ani^iifiers? 

5. Name and define four classifications of amplifiers based upon their operating 
characteristics. 

6. What is the fundamental difference between a Class ABi and a Class AB 2 
amplifier? 

7. Which class of amplifier operation is most commonly used for r-f and i-£ 
amplifiers in radio receivers? 

8 . At what value of grid bias should a tube be operated when being used in a 
Class A amplifier? 

What is the maximum value of input signal voltage that should be applied to a 
tube in terms of the grid bias and the shape of the characteristic curve? 
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10. What is meant by distortion i i an amplifier circuit? 

11. What are the causes of distortion’of the positive portion of the input signal? 

»12. What are the causes of distortion of the negative portion of the input signal? 

18. Describe the constant-volt age-generator form of equivalent vacuum-tube 
'circuit. '^When is this type of equivalent circuit most useful? 

14. Describe the constant-current-gencrator form of e(|uivalent vacuum-tube 
circuit. -When is this type of equivalent circuit most useful? 

16. 'Express the voltage amplification of a Class A voltage amplifier employing a 
triode in terms of the amplification factor of the tube, tlie plate-load impedance, and 
the plate resistance. 

16. Express the voltage amplification of a Class A voltagi' amplifi(*r employing a 
pentode in terms of the transconductance of the tube, the plati'-load impedance, and 
the plate resistance. 

yl7. Name three methods of coupling amplifier circuits. Clive an application of 

48. Wliy are pentodes more commonly used in voltage amplifier circuits than 
triodes? 

19. Why are parallel tuned ciicuits generally used as tlie plate load of an r-f ampli¬ 
fier circuit employing a pentode? 

20. What IS the relation among the factors [Eq. (7-14)] affecting the voltage ampli¬ 
fication of a tuned impedance-coupled r-f amplifier? 

21. Why is it important to have the coils used for impedance-coupled arnphfH'rs 
designed so that the coil Q ri’mains nearly constant over the frequency range of the 
amplifier? 

22. Where are untuned r-f amplifiers used ? 

23. Are resistance-capacitance-coupled amplliierb commonly used in r-f amplifier 
circuits of radio receivers? Why? 

24. What are the advantages obtained with an r-f amplifier circuit having a tuned 
secondary? How does this circuit differ from the impedance-coupled amplifier? 

26. What is meant by a direct-coupled amplifier? 

26. What is the relation of the factors affecting the voltage amplification of an 
amplifier stage with a tuned secondary, employing a pentode, and as e\prc&s(*d by Kq. 
(7-17)? 

27. Under what condition may the maximum voltage amplification be obtained 
from an amplifier with a tuned secondary? Is this attainable with triodes, pentodes, 
or both ? 

28. What are the advantages of using an i-f amplifier circuit over the usual r-f 
amplifiers? 

29. What is meant by a band-pass amplifier? 

30. How does the response curve of a band-pass amplifier compare with the ideal 
response curve? 

31. What is the purpose of variable-coupling i-f transformers? How is variable 
coupling accomplished? 

32. What are the factors that affect the voltage amplification of a band-pass 
amplifier? 

33. Under what condition does the maximum voltage amplification of a band-pass 
amplifier occur? 

34. How does the voltage amplification of a band-pass amplifier compare with that 
of an amplifier containing only one tuned circuit? What is the advantage of using a 
band-pass amplifier? 
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86. Why are multistage r-f amplifier circuits used? 

86. Under what conditions does feedback occur? 

87. How is regenerative feedback produced? What is its effect? 

88 . I low is degenerative feedback produced? What is its effect? 

89. How can undesired regeneration b<j c()ntroll(*d? 

40. Why is it necessary to exercise care in the use of shields? 

PROBLEMS 

1 . A type 6C5 tube is to be operated as a Class A amplifier with 250 volts applied 
to its plate. What is the maximum amount of signal voltage that can be applied 
without producing distortion when the tube is operatc'd with a grid bias of (a) 8 volts? 
(b) 6 volts? (c) 4 volts? (Use Fig. 4-21.) 

2. What is the maximum signal that can be applied to the tube of Prob. 1 without 
distortion if it is operated with 200 volts applied to its plate? Use the same amounts 
of grid bias. 

8 . It is desired to obtain grid bias for the tube of Prob. 1 by means of a cathode- 
bias resistor. What is the value of resistance required and the amount of power 
consumed by the resistor for each value of grid bias? 

4. It is desired to obtain grid bias for the tube of Prob. 2 by means of a cathode- 
bias resistor. What is the value of resistance required and the amount of power 
consumed by the resistor for each value of grid bias? 

6 . A type 6U7-G tube is to be operated as an amplifier with a plate supply of 250 
volts and screen-grid supply of 100 volts, (a) What value of grid bias is recommended 
(from Appendix XV)? (b) What are the plate current and screen-grid current under 
these operating voltages? (c) If ferid bias is to be obtained by means of a cathode 
resistor, what value of resistance should be used to provide the recommended value of 
grid bias? (d) What amount of power is consumed by this resistor? 

6 . A type 6SF5 tube is to be operated as a voltage amplifier with 250 volts 
suppli(!d to its plate and operating through a load resistance of 65,000 ohms, (o) 
What is the voltage amplification of the circuit? (b) What value of grid bias is 
recommended for these operating conditions? (c) If a signal with a maximum value 
of 2 volts is applied to the grid circuit, what value of output voltage is produced? 
(d) Wbat is the maximum value of the varying component of the plate current? 

7. A type 6K5-G tube is to be operated as a voltage amplifier with 250 volts 
supplied to its plate and operating through a load resistance of 50,000 ohms, (a) 
What is the voltage amplification of the circuit? (b) What value of grid bias is 
recommended for these operating conditions? (c) If a signal with a maximum value 
of 3 volts is applied to the grid circuit, what value of output voltage is produced? 
id) What is the maximum value of the varying component of the plate current? 

8 . If it is desired to have the tube and circuit of Prob. 6 produce an output of 80 
volts (maximum value) with the same values of plate voltage, grid bias, and input 
signal voltage, what value of resistance is required at the load? 

9. If it is desired to have the tube and circuit of Prob. 7 produce an output of 75 
volts (maximum value) with the same values of plate voltage, grid bias, and input signal 
voltage, what value of resistance is required at the load? 

10. A type 12SK7 tube is to be operated as an r-f voltage amplifier with 250 volts 
supplied to its plate, 100 volts to the screen grid, and a grid bias of 3 volts. The load 
impedance is a tuned circuit that is resonant at the frequency being considered, thus 
producing a resistive effect of 40,000 ohms. What voltage amplification is produced 
by this circuit at its resonant frequency? 
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11. A type 12SK7 tube is to be operated as an r-f voltage amplifier with 100 volts 
supplied to its plate, 100 volts to the screen grid, and a grid bias of 1 volt. The load 
impedance is a tuned circuit that is resonant at the frequency being considered, thus 
producing a resistive effect of 40,000 ohms, (a) What voltage amplification is pro¬ 
duced by this circuit at its resonant frequency? (h) If a signal with a maximum value 
of 0.8 volt is applied to the grid circuit, what value of output voltage is produced? 

(c) What is the maximum value of the varying component of the plate current? 

12. A type 1T4 tube is to be operated as an r-f voltage amplifier with 90 volts 
supplied to its plate, 67.5 volts to the screen grid, and with zero grid bias. What 
impedance should the load have if it is desired to obtain a voltage amplification of 
40 from the circuit? 

13. A tuned impedance-coupled r-f amplifier uses a type 7A7 tube operated with 
250 volts on its plate, 100 volts on the screen grid, and 3 volts grid bias. The coil has 
an inductance of 100 /xh and its high-frequency resistance is 10 ohms at 1500 kc. 
What is the voltage amplification of the circuit at 1500 kc? 

14. A tuned impedance-coupled r-f amplifier uses a type 7A7 tube operated with 
100 volts on its plate, 100 volts on the screen grid, and 1 volt grid bias. The coil has 
an inductance of 100 /xh and its high-frequency resistance is 10 ohms at 1500 kc. 
What is the voltage amplification of the circuit at 1500 kc? 

15. The inductance of Coil B (Fig. 7-11) is 125.6 /xh. If the coil is used in an r-f 
amplifier circuit with a type 6D6 tube whose transconductance is 1600 /xmhos, what is 
the voltage amplification of the circuit at (a) 500 kc? (b) 800 kc? (c) 1200 kc? 

(d) 1600 kc?[ Note: Use Kq. (7-13).] 

16. The inductance of coil A (P'ig. 7-11) is 125.6 fih. If the coil is used in an r-f 
amplifier circuit with a type 6D6 tube whose transconductance is 1600 Axrnhos, what 
is the voltage amplification of the circuit at (a) 500 kc? (5) 800 kc? (c) 1200 kc? 
(d) 1600 kc? [Note: Use Eq. (7-13),] 

17. The transformer used in the r-f amplifier circuit (Fig. 7-14a) of a tuned-radio- 
frequency receiver has the following values: Lp =» 50 /xh, Ls « 250 ix\ K «= 0.2. 
The tube used with the amplifier stage is a pentode with a transconductance of 2000 
Mmhos. The high-frequency resistance of the coil varies in such a manner that the 
coil Q is 92 at 500 kc, 125 at 1000 kc, and 100 at 1500 kc. If it is assumed that the 
plate resistance of the tube is much greater than the coupled impedance, what is 
the approximate voltage amplification at (a) 500 kc? (5) 1000 kc? (c) 1500 kc? 

18. The transformer used in the r-f amplifier circuit (Fig. 7-14a) of a tuned-radio- 
frequency receiver has the following values: Lp =* 100 ^h, Ls = 250 /txh, K >*0.3, 
Rs — ^ ohms at 550 kc, Rs = 8.5 ohms at 1000 kc, and Rs *= 20 ohms at 1600 kc. 
The tube used is a type 1N5-GT with a transconductance of 750 nmhoB. If it is 
assumed that the plate resistance of the tube is much greater than the coupled imped¬ 
ance, what is the voltage amplification of a stage at (a) 550 kc? (6) 1000 kc? (c) 
1600 kc? 

19. An r-f amplifier stage, using transformer coupling with imtuned primary and 
tuned secondary, uses a type 6SK7 tube whose transconductance is 2350 /xmhos and 
whose plate resistance is 120,000 ohms. The transformer constants are Lp •» 200 /xh. 
La *■ 340 /xh, Rs *» 14.5 ohms at 1000 kc, K * 0.4. What is the voltage amplifica¬ 
tion of the stage at 1000 kc? 

20. At what value of coefficient of coupling will the circuit of Prob. 19 produce the 
maximum amoimt of voltage amplification? (Note: This occurs when the coupled 
impedance at resonance is equal to the plate resistance of the tube.) 

21 . What is the voltage amplification of the circuit in Prob. 19 when the coefficient 
of coupling is (a) 0.7? (5) 0.87 (c) 0.9? 
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22. The curve of Fig. 7-18 shows that for a certain i-f transformer the attenuation 
at 5 kc off resonance reduces the output to 80 per cent of its maximum value. At 8 kc 
off resonance the output is only 35 per cent of its maximum value. What is the per 
cent output voltage of a stage using two identical transformers at (a) 6 kc off 
resonance? (b) 8 kc off resonance? 

28. The attenuation of a certain i-f transformer reduces the output voltage to 
90 per cent at 5 kc off resonance and to 60 per cent at 7.5 kc off resonance. If three 
such transformers are used in a two-stage i-f amplifier, what is the per cent of reduction 
due to the transformers at (a) 5 kc off resonance? (b) 7.5 kc off resonance? 

24. A certain 456-kc i-f amplifier stage uses a type 6SK7 tube whose transconduct¬ 
ance is 2000 micromhos. The constants of the i-f transformer are Lp ^ Ls 500 /ih, 
Qp “ Qs *= 80, K « 0.025. What is the voltage amplification of the circuit? 

25. (a) At what value of coupling will the voltage amplification of the circuit of 
Prob. 24 be maximum? (b) What is the maximum voltage amplification? 

26. A certain 465-kc i-f amplifier stage uses a type 6S7 tube whose transconduct¬ 
ance is 1750 micromhos. The constants of the i-f transformer are Lp *= 700 iuh, 
La =® 600 /ih, Qp « 70, Qg =» 100, K « 0.02. What is the voltage amplification of 
the circuit? 

27. (o) At what value of coupling will the voltage amplification of the circuit of 
Prob. 26 be maximum? (6) What is the maximum voltage amplification? 

28. An automobile radio designed for an i-f of 262 kc uses a pentode tube whose 
transconductance is 1750 micromhos and whose plate resistance is 1 megohm. The 
constants of the i-f transformer are Lp ^ La ^ 1.6 mh, Rp — Ra ^ 30 ohms at 262 kc, 
K * 0.03. The value of capacitance across the primary and secondary is 230 n/A 
each. What is the value of Q for (a) the secondary circuit? (6) the primary circuit? 
(c) What is the voltage amplification of the circuit? 

29. (a) At what value of coupling will the voltage amplification of the circuit of 
Prob. 28 be maximum? (6) What is the maximum voltage amplification? 



Li-Li-eoOjuLh, QrQz^iSO, f^^SOOkc 

Zj (L^ resonant at S00kc)-40fi00 ohms 
Fig. 7-27. 

80. The two-stage amplifier shown in Fig. 7-27 uses a double-tuned circuit in the 
first stage and a single-tuned circuit in the second stage to provide more uniform 
response at its output. The amplifier is to operate at 500 kc and the values of its cir¬ 
cuit elements are indicated on the diagram, (a) What voltage amplification is pro¬ 
duced by the first stage? (6) What voltage amplification is produced by the second 
stage? (c) What is the overall voltage amplification of the amplifier? 
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AUDIO-FREQUENCY VOLTAGE AMPLIFIER CIRCUITS 

The signal delivered to a radio receiver by its antenna is generally in 
the order of only a few microvolts and its energy may be only a few 
micromicrowatts. The signal delivered to the loudspeaker may, how¬ 
ever, be several volts and the energy may be several watts. It can be 
seen from these two statements that the ratio of the strength of the signal 
sent through the loudspeaker to the strength of the signal from the 
antenna may be of the order of more than a billion (10®). It can also be 
seen that the signal has to be increased both in voltage and in power. 
In order to obtain this large increase without producing distortion, or 
picking up and amplifying extraneous signals, several stages of amplifi¬ 
cation must be used. Radio-frequency amplifier circuits, as discussed 
in the previous chapter, are most commonly used to obtain voltage 
amplification. Audio-frequency amplifier circuits are designed to 
increase either the voltage, the power, or both. As voltage amplifiers, 
they are always operated as Class A. Power amplifiers are operated 
either as Class AB or Class B. Audio amplifiers are commonly classified 
according to the method of coupling that is used and hence are known as 
resistance-capacitance-cou'pledy transformer-coupled, or impedance-coupled 
a-f amplifiers. 

8-1, Requirements of the Audio Amplifier. Audio Frequencies. 
Audio frequencies cover a band between 20 cycles and 20,000 cycles. 
An audio-frequency amplifier is one that will amplify signals whose fre¬ 
quencies lie within this band. The frequency range of various audible 
sound waves and their relation to broadcasting and receiving apparatus 
are illustrated by the chart shown in Fig. 8-1. 

Frequency Requirements of the Audio-frequency Amplifier. The sounds 
produced by a symphonic orchestra contain practically all the frequencies 
that are likely to be produced by any type of radio program. In order to 
obtain perfect fidelity of reproduction of the music produced by such an 
orchestra, sounds from 20 to 20,000 cycles may have to be reproduced. 
For the average receiver such accuracy of reproduction is neither obtain¬ 
able nor necessary. A study of the frequency ranges of the various units 
used in radio transmitters and receivers, as illustrated in Fig. 8-1, indi¬ 
cates that the limits of frequency reproduction for the average high- 
quality receiver will range from 60 to 5500 cycles. 

320 




WIRE TRANSMISSION CIRCUITS 

Ti‘levi»iow wire circuit (10 to 18,000 cycle* per •econd ) n 

■■■■■II ■■. ■ .I II . . Hielwtt clo» wire line for broodcoofing ( 50 to 8.000)———— 

. . . . . Ordinary wire cireuit for broadcasting (50 to 5,000)—— 

^ Ordinary telephone talk.ing circuit (150 to 1,750) « 
^Trans oceanic telephonic cable (MO to 1 500) 

* Standard telephone instrument (300 to 1,800)^ 

Eor^ telephone lines(500tDt|B00)>«> 

RADIO BROADCASTING AND RECEPTION 

ill ■!!■ I Modern broadcasting transmitter (30 to 7,500) " 

4 I Broadcasting station transmitting chain program (90 to 5,000) — 

—— - . High equality radio set { 50 to 5,500 ) " ■ ■ ~ 

^Obsoteto or poor radio bet ( 756 to 1,200) — 

SOUND REPRODUCERS 

—.- Public address system (60 to 5 500) - .. 

' ' ■ .— Dynamic loud speaker (40 to S|500 ) 

m ■■■ .— . '■ Exponential loud-speaker (70 to 5,500 )——— 

■ ' .. . I ..I ■■■■■ Electro-mognetic pickup (60 to 5 , 500 / - " 

SOUND RECORDINGS FOR RADIO AND FILMS 

-Highest type electrical trancriptions for radio fHin&dale"cut)30 to 10,000) — 
— Sound'picture film sound track recording ( 0 to 8,500) ' 

II ■! I '■ Sound picture disc record 33*/s rp^m lateral cut (60 to 6,000 ) — 


fiiogora 

Falls 

fOtoSO 

ThimltrTOIefO 


HOME PHONOGRAPHS 

-Modern electric recorded homo phonograph (60 to 5,000 ) ■ — — 

ill. .— Recent acoustic phonograph( 90 to 4 500 )■ 

Old foshioned phonograph (756 to 3,000 )•“ 
Office dictating machinesISSO Ti>7000/*4* 

MISCELLANEOUS 


kveroM man> Awrop womanb 


Fia. 8-1.—The audio spectrum and its relation to broadcasting, {^Courtesy of Electronics,) 


station. The more nearly the frequency range reproduced by the 
receiver approaches the frequency range of the sound waves as trans¬ 
mitted, the higher will be its fidelity of reception. The reception from a 
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radio receiver that reproduces all frequencies from 60 to 8000 cycles in 
correct proportion is quite realistic and the quality of reproduction is 
considered to be high. Because of certain characteristics of the human 
ear some changes in the quality of the sound may take pla(;e without 
being detected by the average listener. For the average listener the 
correct reproduction of sounds having frequencies between 50 and 5000 
cycles is quite satisfactory. 



Fig. 8-2. —Curves showing variations in intelligibility of speech with frequency. Curve 
A —^intelligibility when frequencies below the values indicated on the curve are eliminated. 
Curve B —intelligibility when frequencies above the values indicated on the curve are 
eliminated. {Courtesy of Jensen Manufad,urin>g Company^) 

Audio-frequency amplifiers form only a part of the radio receiver. 
This type of amplifier is usually designed to reproduce only those fre¬ 
quencies between 50 and 5000 cycles, which is the range used in low- 
and medium-priced receivers. 

Effect of Frequency EUmination on Speech Intelligibility. The intel¬ 
ligibility of speech sounds is affected when some of the component fre¬ 
quencies of the sound are eliminated. Curve A of Fig. 8-2 illustra'^es 
how the intelligibility is affected when all the frequencies below any 
value indicated on the curve are eliminated. Curve B of the' same 
illustration shows the effect when all frequencies above any value indi¬ 
cated on the curve are eliminated. From these two curves it can be seen 
that speech becomes unintelligible when a small band of frequencies is 
eliminated at the low-frequency end of the band, while almost all the 
high frequencies must be eliminated to produce the same result. From 
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these two curves it can also be seen that the intelligibility of speech 
sounds is not affected to any great extent by the failure to reproduce all 
sounds having frequencies below 400 cycles or above 5000 cycles. The 
resultant sound, however, will not seem natural. 

Intensity Required to Produce Audible Sounds. The intensity required 
to produce an audible sound will vary with its frequency. In order to 
produce all audible sounds with equal loudness, the intensity required 
will vary as shown in Fig. 8-3. The ordinates of these curves indicate 



Frequency, cycles per sec. 

Fig. 8-3.—Curves illustrating how the relative amount of power required to produce a 
sound of equal intensity varies with the frequency. {Courtesy of Jensen Manufacturing 
Company,) 

the intensity required to produce a sound of any frequency whose loud¬ 
ness will be equal to that produced by a 1000-cycle reference intensity 
level. The lowest curve (marked 0 db) indicates the intensity required 
to produce a sound that is barely audible. This curve is sometimes 
referred to as the threshold of audibility. The uppermost curve (marked 
120 db) indicates the intensity at which sound is not only heard but also 
felt. This curve is sometimes referred to as the threshold of feeling. 
The numbers on each curve indicate the intensity of a signal in db above 
the minimum audible sound over the range of frequency indicated by the 
abscissa. It can be seen from these curves that when the strength of the 
sound is comparatively high, the intensity required to produce sounds of 
equal loudness will be comparatively uniform. When the strength of 
the sound is comparatively low, the intensity required will be fairly 
uniform between 1000 and 5000 cycles and increases rapidly as the 
frequency drops below 1000 cycles or rises above 6000 cycles. This rela- 
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tionship between intensity and frequency is very important in determin¬ 
ing the amount of power that an amplifier must supply to the loudspeaker. 
An amplifier designed to amplify low-frequency sounds (under 500 cycles) 
must therefore have a higher power rating than one designed to amplify 
only those sounds having frequencies between 500 and 5000 cycles. 

8-2. Use of Logarithms in Sound Measurements. Relation of 
Sound Energy to Ear Response. The operating characteristics of an 
audio amplifier are generally expressed in terms of its gain or loss in 
volume. The unit used to express tliis change is based on the ability of 
the human ear to respond to these changes. 

In the rendition of a musical program, a symphonic orchestra will 
produce varying amounts of sound energy. The amount of energy used 
in producing the loudest note may be many thousand times as great as 
that used to produce the lowest note. However, the car does not respond 
to these sounds in proportion to the energy used; the loudest note is not 
heard many thousands of times as loud as the lowest note. Research 
has shown that the response will vary logarithmically. In radio termi¬ 
nology, the ratio of any two levels of power is expressed in a unit called the 
decibel, commonly abbreviated db. The number of decibels is equal to 
10 times the logarithm of the ratio of the two levels or values of power. 
A knowledge of logarithms is therefore essential in order to understand 
problems involving sound as related to amplifiers, speakers, microphones, 
etc. 

Logarithms. Logarithms are commonly used in engineering mathe¬ 
matics to facilitate mathematical computations. Although numerous 
systems (or bases) of logarithms can be used, the common logarithm, 
that is, the logarithm to the base 10, is used most frequently and is the 
system used with the decibel. By definition, a common logarithm of a 
number is the exponent (or power) to which 10 (called the base) mmt be 
raised to produce the number. The logarithm of 100 will therefore be 
equal to 2, as 10^ equals 100. This may be expressed as 

logic 100 = 2 

As only the common system of logarithms is used in sound-level calcula¬ 
tions, the reference to the base 10 can therefore be omitted. The expres¬ 
sion may then be written as 

log 100 = 2 

As the logarithm of 10 is equal to 1 and the logarithm of 100 is equal 
to 2 it is evident that the logarithm of any number between 10 and 100 
must be greater than 1 and less than 2. Consequently the logarithm 
of a number will consist of two parts: (1) a whole number called the 
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characteristic, and (2) a decimal called the mantissa. For example, the 
logarithm of 60, which is equal to 1.699, is made of the characteristic 
whose value is 1 and the mantissa whose value is 0.699. 

The characteristic of any number greater than 1 is always positive; 
numerically it is equal to 1 less than the number of figures to the left of 
the decimal point. The characteristic of any number less than 1 is 
always negative; numerically it is equal to 1 more than the number of 
zeros between the decimal point and the first significant figiire. 

Example 8-1. What is the characteristic of the followinpj numbers; (a) 18.3, 
(b) 183, (c) 18,300, (d) 1.83, (e) 0.183, (/) 0.00183? 


Given: Find: 

18.3; 183; 18,300 Characteristic = ? 

1.83; 0.183; 0.00183 


Solution: 




Number 

Characteristic 

(a) 

18.3. 

. 1 

(b) 

183. 

. 2 

(c) 

18300. 

. 4 

id) 

1.83. 

. 0 

(e) 

0.183. 

. -1 

if) 

0.00183. 

. ~3 


The mantissa or decimal part of a logarithm is found by reference to a 
table of logarithms. A logarithmic table is a tabulation of mantissas. 
The mantissa is always a positive number and is determined from the 
significant digits in the number. A table of the common logarithms of 
numbers is provided in Appendix XIII. It should be understood that a 
decimal point is assumed in front of each of the values of mantissas in the 
table of Appendix XIII. 

Example 8-2. What is the logarithm of (a) 18,300? (6) 18.3? (c) 650,000? 

(d) 1.25? 

' Given: Find * 

18,300; 18.3; logarithm = ? 

650,000; 1.25. 

Solution: 


Number 

Characteristic 

Mantissa 

(from Appendix XIII) 

Ijogarithm 

(a) 18,300 

4 

.2625 

4.2625 

(6) 18.3 

1 

.2625 

1.2625 

(c) 650,000 

5 

.8129 

5.8129 

(rf) 1.25 

0 

.0969 

0.0969 


It should be observed that the numbers used in Example 8-2 contain 
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not more than three significant figures and that Appendix XIII provides 
mantissas for numbers up to three significant figures only. In cases 
where a number has more than three significant figures the mantissa can 
be obtained by interpolation. Interpolation is the process of estimating 
missing values between two values that are known. This process is 
illustrated in the following examples. In radio calculations it is usually 
permissible to take a mantissa corresponding to the nearest first three 
significant figures, thereby eliminating the need of interpolating. 

Example 8-3. Wliat is the logarithm of (a) 17.25? (6) 8622? (c) 4.678? 

(Solve by interpolation and compare the answer with the nearest three-place number.) 


Given: 

(а) 17.25 

(б) 8522 
(r) 4.578 

Solution: 


Find: 

Logarithm = ? 

1. By interpolation 

2. By nearest 3-place number 


(fl) L Characteristic 

Mantissa 

Logarithm 

1 

173 .2380 

172.2355 

difference. .0025 

1725.2355 + X .0025 = .23675 

1.23675 

2. This lies midway between 17.2 and 17.3 hence the nearest logarithm for a 3-place 
number would be either 1.2380 or 1.2355. 

Characteristic 

Mantissa 

Ijogarithm 

3 

853.9309 

852.9304 

difference. .0005 

8522.9304 + Ho X .0005 =■ .9305 

3.9305 

2. The nearest logarithm for a 3-place number is 3.9304. 

(c) 1. 

Characteristic 

Mantissa 

Logarithm 

0 

458.6609 

457.6699 

difference. .0010 

4678.6599 + Ho X .0010 = .6607 

0.6607 


2. The nearest logarithm for a 3-place number is 0.6609. 

It is sometimes necessary to find the number corresponding to a 
logarithm \iidien the logarithm is known. The number corresponding to 
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a logarithm is known as the antilogarithm or antilog and may be found by 
working in the reverse order of finding the logarithm of a number. For 
example, the common logarithm of 100 is 2 and hence it may be said that 
the antilog of 2 is 100. 

Example 8-4. Wliat is the antilog of the common logarithm (a) 3.8751? (5) 

0.0645? 

Given: Find: 

(a) Log « 3.8751 Antilog « ? 

(h) Log - 0.0645 

Solution: 

(а) Antilog of 3.8751 

The logarithm should be divided into its characteristic (3) and its mantissa (.8751). 
From Appendix XIII it can be found that the mantissa .8751 corresponds to the 
number 750. The characteristic 3 indicates that the number will have 3 + 1 or 
4 figures to the left of the decimal point. Combining these two facts, the antilog of 
3.8751 is found to be 7500. 

( б ) Antilog of 0.0645 

Characteristic 0 
Mantissa « .0645 

Number corresponding to the mantissa = 116 (from Appendix XIII) 

Number of places to the left of the decimal point = 0 -j- 1 =1 
Thus, the antilog of 0.0645 is 1.16 

Example 8-5. What is the aiitilog of the common logarithm 4.3353 (o) by inter¬ 
polation? ( 6 ) without interpolation? 

Given: 

Log = 4.3353 

Solution: 

Antilog 4.3353 
(o) Characteristic « 4 
Mantissa = .3353 
(from* Appendix XIII) 


Number Mantissa 

217.3366 

216. .3345 

Difference.0020 

V r* I .3353 “ .3345 oic i a oir a 

Number - 216 3365 _ 3345 “ + -4 - 216.4 

Number of places to the left of the decimal point = 4 -f- 1 = 5 
Thus, the antilog of 4.3353 is 21,640 


( 6 ) If the accuracy required permits disregarding interpolation, the nearest number 
to the mft-ntiaaa is 216 and the antilog would be taken as 21,600. 

8-Sr Sound Measurements. The Decibel. The operating character¬ 
istics of an audio amplifier are generally expressed in terms of its gain or 


Find: 

Antilog = ? 
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loss in volume. The unit used to express this change in volume is based 
on the ability of the human ear to respond to these changes. The unit 
most frequently used is the bel, named in honor of Alexander Graham 
Bell. The bel is defined as the common logarithm of the ratio between 
two quantities. Another unit called the neper is sometimes used. The 
neper is similar to the bel and is equal to the Naperian logarithm of the 
ratio between two quantities. Both of these units are relative units of 
measurement and do not specify any definite amount of sound, power, 
voltage, or current. The b(il is too large a unit for general use and hence 
the decibel, which is one-tenth of a bel, is commonl}^ used. The decibel 
may be used to express the ratio between two values of either sound, 
power, voltage, or current. The change in volume in any circuit, 
expressed in decibels, abbreviated db, can be found by the equation 

db = 10 log p (8-1) 

where Pi = larger amount of power, watts 
Pa == smaller amount of power, watts 
The ratio of the two powers will always be greater than one if the larger 
power is placed in the numerator. The characteristic of the logarithm 
of the ratio will therefore always be equal to zero or some higher positive 
value. The use of the negative characteristic is thereby eliminated, 
thus simplifying the solution of problems involving power loss. If there 
is a loss of power, a negative sign (-“) should be placed before the decibel 
value. A gain in power or volume is indicated by a plus sign (+). The 
solution of the problem will indicate whether there is a decrease or an 
increase in the power for the particular case being considered. 

The decibel is a logarithmic unit and therefore represents a logarith¬ 
mic change. As the response of the human ear to sounds of varying 
intensity is logarithmic, regardless of the power level, the decibel provides 
a good means of expressing variations in sound measurements. The 
smallest change in sound intensity that can be detected by the human 
ear is approximately one decibel, although the average person does not 
ordinarily detect changes under two or three decibels. 

Example 8-6. A type 6A3 tube is used in a radio receiver to deliver a maximum 
undistorted power output of 3.2 watts to its loudspeaker. What db gain in undistorted 
power will be obtained when each of the following types of tubes is substituted for the 
6A3: (a) a type 6F6 having a maximum undistorted power output of 4.8 watts? 
(6) A type 6L6 having a maximum undistorted power output of 6.4 watts? 

Given: Find; 

P — 6A3 » 3.2 watts (a) Decibel gain with 6F6 

P — 6F6 *■ 4.8 watts (6) Decibel gain with 6L6 

P — 6L6 ■» 6.4 watts 
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Solution: 

( 0 ) db = 10 log = 10 log II - 10 log 1.5 

log 1.5 - 0.1761 (from Appendix XIII) 
db = 10 X 0.1761 = +1.761 

(6) db = 10 log = 10 log II = 10 log 2 

log 2 = 0.301 (from Appendix XIII) 
db = 10 X 0.301 = +3.01 


From the results obtained in Example 8-0 it can be seen that doubling 
the power increases the volume by only 3 db. This change is barely 
perceptible to the average listener, therefore it would not be practical to 
substitute either of the two tubes suggested in Example 8-G in order to 
obtain a gain in volume. 


Example 8-7. What output power would be required in order to produce a gain 
of 14 db over the volume obtained with the 6A3 tube of Example 8-6? 


Solution: 


Thus 


Given: 

P» « 3.2 watts 
Gain = 14 db 


Find: 

Po « ? 


db = 10 log 


Po 

P. 


log 


Po 


db 14 , ^ 

10 = 10 = 


Aiitilog of 1.4 = 25.1 (from Appendix XIII) 
Po 


P. 


= 25.1 


Po = Po X 25.1 - 3.2 X 25.1 = 80.32 watts 


A power output as large as 80 watts cannot be obtained by using a 
single power output tube. Power outputs as large as this are generally 
obtained in receiver circuits by using a powerful push-pull amplifier. 

Voltagt and Current Ratios. The decibel is fundamentally a measure 
of power ratio; however, as voltage and current are functions of power, 
Eq. (8-1) can be transformed to express the change in volume in db for 
two different values of voltage or current output. 

Jp2 

Substituting for P in Eq. (8-1), then 

db-10.ogf,= 10Iog(|y| (8-2) 

R 2 

db-101og(|y-H01ogf| 


or 


(8-2a) 
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db = 20 log + 10 log I? (8-26) 

£12 

db = 20 log (8-2c) 

J?2 V -Bi 


Substituting PR for P in Eq. (8-1), then 




(8-3) 

or 

db - 10 log (jjY + 10 log 

(8-3o) 

or 

db = 201og:p-H01og|i 

i 2 -^2 

(8-36) 

or 

db = 201og^J^ 

I 2 *\r R 2 

(8-3c) 


For conditions where the impedances are equal, Eqs. (8-2c) and 
(8-3c) can be simplified as 

db = 201og|i (8-4) 

£!j2 

db = 20 log ^ (8-5) 

i2 


Example 8-8. The characteristics of a certain audio amplifier are such that a volt¬ 
age amplification of 5 is obtained at 50 cycles, 15 at 1500 cycles, and 30 at 5000 cycles. 
Assuming the voltage amplification at 1500 cycles as the reference level, what is the 
loss or gain in decibels at the other frequencies? 


Given: 

/i » 50 cycles 
VA - 5 

/a » 1500 cycles 
VA - 15 
ft » 5000 cycles 
VA - 30 

Solution: 

db (loss) @ 50 cycles 


db (gain) @ 5000 cycles 


Find: 

db @ 50 cycles ? 
db @ 5000 cycles — ? 


20 log 


VA @/8 


-20 log y 


VA @/i 
20 X 0.4771 - -9.542 db 

20 log 2 - 20 X 0.301 - -f-6.02 db 


20 log 3 


The results of Example 8-8 indicate that this amplifier has poor 
fidelity. There is a loss of approximately 9.6 db at the low frequencies 
and a gain of 6 db at the high frequencies. Such differences in volume 
are ea^y detected by the average listener. 
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Zero Reference Level, The decibel is an indication of the ratio between 
two quantities. As a unit of measurement, it does not express any 
definite amount of power, volume, voltage, or current but only denotes 
the ratio between two magnitudes of any one of these quantities of 
measurement. For this reason it is therefore only a relative unit of 
measurement. 

In order to have some definite comparison of volume changes a zero 
reference level is arbitrarily chosen. Unfortunately there is no single 
value that is used as a zero reference level by all manufacturers. How¬ 
ever, it is general practice in radio and telephone applications to assume 
a power of six milliwatts as zero db. This means that any power level 
less than 6 mw will indicate a negative db and power levels greater than 
6 mw will indicate positive db. Unless some other level is indicated as 
zero db, the level 6 mw is to be assumed. 

Using 6 mw as a zero db reference level is a convenient method of 
rating the output of an amplifier, microphone, or loudspeaker. Thus, 
the statement that an amplifier delivers zero db to its load is taken to 
mean that it has an output of 6 mw. 

In order to avoid some of the confusion caused by the lack of a stand¬ 
ard reference level for zero decibel, the volume unit, abbreviated v-u, has 
been introduced. The volume unit uses one milliwatt as a reference 
level; hence, the volume level when expressed in v-u is equal to the num¬ 
ber of decibels above (or below) one milliwatt. For example, an amplifier 
rated at +40 v-u has a volume level 40 db above 1 mw. 

In the rating of microphones, both the v-u and the 6-mw zero decibel 
reference levels are used. In addition to these, particularly in the case 
of crystal microphones, the rating may be given as a voltage rating in 
decibels below one volt per bar. This type of rating in which zero decibel 
is equal to one volt per bar is used chiefly in connection with microphones 
and is explained more fully in a later chapter (see Art. 12-3). 


Example 8-9. A certain amplifier circuit is rated at -f40 db. {a) What is the 
power output in watts? (6) What is its rating in v-u? 


Given: 
db » +40 


Solution: 

(a) db *=» 10 log 


Pb 


. Po db 40 
"lo 

Po “ pR Antilog 4 
(6) v-u-10 log ^ 


4 

0.006 X 10* « 
10 log 60,000 


Find: 

(O) Po » 
(6) v-u “ 


60 watts 

c 10 X 4.7782 « 47.7 v-u 


? 

? 
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Example 8-10. Whiit is the power output in watts of a microphone' th.it lias an 
output of —40 db? 


Solution: 


Given: 
db « -40 


Find: 

Po«? 


db = 10 log 


log 


Po 

Po 


Po 

40 


^ _ 

10 10 

.. 

antilog 4 


- 4 

^ 0.00 6 
10 ^' 


= 0.6 X 10~® watt or 0.6 mw 


Example 8-11. The power output of a type 50L6-GT beam power amplifier tube 
is 4.3 watts when operated at the recommended elee'trode voltages. What is its out¬ 
put rating in decibels? 


Given: Find: 

Tube = 50L6-GT db = ? 

Po = 4.3 watts 

Solution: 

db = 10 log = 10 log = 10 log 716 

log 716 = 2.8549 (from Appendix XTII) 
db = 10 X 2.8549 = 28.549 

8-4. Methods of Coupling. Audio Amplifiers, Any system used to 
couple the output of one tube to the input of another tube must provide 
some means of preventing the high voltage at the plate of one tube from 
affecting the grid bias of the next tube. In order to obtain a high degree 
of fidelity and sensitivity, the coupling system used should pass the audio 
signal currents with a minimum amount of change in frequency, ampli¬ 
tude, or phase. 

The methods used to couple audio-amplifier stages include iron-core 
transformers; combinations of resistors and a capacitor; resistor, 
capacitor, and an inductor; and inductors and a capacitor. Each of 
these methods of coupling will cause the audio signal to be distorted to 
some degree. Each problem must be considered individually in order to 
determine which coupling method is best to use. 

8-6. Resistance-capacitance-coupled Amplifier. Basic Circuit Action, 
Resistance-capacitance coupling is obtained by connecting the plate 
circuit and grid circuit of two successive stages by means of two resistors 
and a capacitor, as shown in Figs. 8-4 and 8-7. The varying plate cur¬ 
rent output of tube 1 will flow through the coupling resistor Re, A varying 
voltage corresponding to the plate current variations will therefore be 
produced across this resistor. This varying voltage is applied to the 
grid of tube 2. 



Art. 8-5] AUDIO-FREQUENCY VOLTAGE AMPLIFIER CIRCUITS 333 


The blocking capacitor Cb is used to prevent the liigh voltage that is 
applied to the plate of tube 1 from being applied to the grid of tube 2, 
If it were not for this capacitor, the grid of tube 2 would operate at a high 
positive voltage, thus causing a high current to flow in both the grid and 
plate circuits of the tube. A tube operating under these overload con¬ 
ditions will become damaged very quickly. 





Fig. 8-4.—Resistance-capacitance-coupled amplifier circuit using triodes. 

If this capacitor were used by itself, that is, without the resistor Rg^ 
the operation of the second tube would become blocked because the 
negative charges on the grid side of the capacitor would increase the bias 
sufficiently to cause the tube to operate beyond cutoff. To prevent this 
blocking action a high resistance Rg, called a grid leak, is connected 
between the grid and cathode to provide a path for the accumulated 
electrons to leak off. The choice of the resistance value of Rg is based 
largely on the principle of time constants, as was presented in Art. 
2-31 and as was further illustrated in the study of detectors. 

Frequency Characteristics, An important characteristic of the resist- 
ance-capacitance-coupled anlplifier is the manner in which the amplifica¬ 
tion varies with the frequency. Although the gain is not uniform for the 
entire audio-frequency range, it is practically constant over a fairly wide 
range of frequencies, decreasing very rapidly at both the very low and 
very high frequencies (see Fig. 8-5). This variation in gain is due to the 
changes in impedance with frequency of the blocking capacitor Ch and the 
interelectrode capacitances Cpk (plate-cathode) of tube 1, and Cgk (grid- 
cathode) of tube 2. To determine the characteristics of this type of 
amplifier it is therefore necessary to study the circuit actions at the low, 
intermediate, and high audio-frequency ranges. 

Equivalent Electrical Circuit of the Amplifier, Resistance-capacitance 
coupling consists of a network of two resistors and a capacitor connected 
as shown in Figs. 8-4 and 8-7. The impedance of the resistors will remain 
practically constant over the entire range of audio frequencies, while 
the impedance of the capacitors will vary inversely with frequency 
changes. Therefore, the only variable factor is the capacitive reactance 
of the <*.ircuit. 
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The effects of a capacitor in a circuit are dependent on its impedance 
and the manner in which it is connected. At low frequencies* the i mped- 
ance of a capacitor will be high, and its effect in a series circuit will bwome 
important while its effect in a parallel circuit will become negligible. 
At high frequencies, the impedance of a capacitor will be low an^^ts- 
effect in a series circuit will become negligible while its effect in a parallel 
circuit will become important. Thus, at low frequencies only the series- 
connected capacitances need be considered, while at high frequencies only 
the parallel-connected capacitances need be considered. 



Fiq. 8-5.—Relative gain vs frequency characteristics for a typical resistance-capacitance- 
coupled audio-frequency amplifier. 

The basic equivalent electrical circuit for a resistance-capacitance- 
coupled amplifier will therefore be the same for all audio frequencies 
(see Fig. 7-13). The only variations are the capacitances whose effects 
must be considered at the frequency range being studied. The charac¬ 
teristics of audio amplifiers are generally considered for low, intermediate, 
and high audio frequencies. For calculating purposes, a single repre¬ 
sentative frequency of each of these ranges is used. Although these 
frequencies are not standardized, it is common practice to use 100 cycles 
for the low-frequency range, 1000 cycles for the intermediate-frequency 
range, and 10,000 cycles for the high-frequency range. 

Equivalent Amplifier Circuits for the Three Audio-frequency Ranges. 
The interelectrode capacitance Cpk between the plate and cathode of tube 
1 (Figs. 8-Cc and 8-8c) acts as~a~8hunt across the coupling resistor Re. 
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The interelectrode capacitance C,» between the grid and cathode of tube 
2 acts as a shunt across the grid-leak resistor i^^he capacitance Cgh is a 
part of the input capacitance Ci shown in Figs. 8-6c and 8-8c. The'values 
of these capacitances are ve^ small; therefore their impedances at low 
and intermediate frequencies are normally very high. The portion of the 
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Fiq. 8-6.—E^iuivalent electrical circuits at various audio frequencies for a resistance- 
capacitance-coupled amplifier circuit using triodes. 

plate current that is by-passed by the interlectrode capacitances Cpk and 
Cfk at the low and intermediate audio frequencies is therefore very small. 
Because of this small loss the effect of these capacitances need only be 
considered at the high audio frequencies. 

The blocking action of the capacitor Cb is determined by its value of 
capacitance and the frequency of the signal being applied. Referring to 
Figs. 8-4 and 8-7, it can be seen that the signal voltage across the grid- 
leak resistor Rg will be equal to the voltage across the coupling resistor 
Rt minus the voltage drop across the blocking capacitor Cb. At the low 
audio frequencies the impedance of the blocking capacitor may become 
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appreciable and therefore the voltage drop across it will also be appreci¬ 
able. This will cause a reduction in the voltage across the grid-leak 
resistor Rg and hence result in a reduction of the voltage applied to the 
grid of tube 2. The effect of the blocking capacitor must therefore be 
considered at the low audio frequencies because its impedance mil be 
highest at these low values^ frequency. 

The capacitance of the blocking capacitor Ch is generally of such a 
value that its impedance at 1000 cycles is negligible in comparison to the 
resistance of Rg. Practically all the signal voltage developed across the 
coupling resistor Rc will then be applied to the grid of the next tube. 
The effects of the blocking capacitor can therefore be ignored for the 
intermediate and high frequencies. 

Knowing these facts it is now possible to draw an equivalent electrical 
circuit of a stage of amplification for each frequency range. Figures 
8-6 and 8-8 show the equivalent electrical circuits for the triode and 
pentode amplifiers of Figs. 8-4 and 8-7 respectively. At the high fre¬ 
quencies the interelectrode capacitances Cpk and Ct, together with the 
stray capacitance Cw due to the wiring (see Figs. 8-Gc and 8-8c), may be 
considered as a single capacitance Ct shunting the resistors as shown in 
Figs. 8-6d and 8-8d. 

Factors to Be Considered in Determining the Values of 7?c, Rgy and Cb- 
In order to obtain the maximum voltage gain the value of the coupling (or 
plate load) resistor Re -should be high. However, it should be observed 
that the voltage at the plate of tube 1 will be equal to the voltage of the 
B supply minus the voltage drop IbRe across the coupling resistor Re. 
Increasing the value of Re increases this voltage drop, thus decreasing the 
voltage at the plate of tube 1. In order to maintain the plate voltage at 
its required value, the voltage of the B supply would have to be increased. 
If the value of the coupling resistor is made too high the B supply voltage 
required will become prohibitive; hence the value of Re is limited to a 
large extent by the plate supply voltage. 

.z'Another factor limiting the extent to which Re may be increased is the 
.i'^uction in the gain of the amplifier at the high audio frequencies. At 
these frequencies the effect of the series capacitance Ch may be ignored, 
but the effect of the shunting capacitance Ct (fully described in Art. 8-8) 
becomes important. This shunting capacitance will have a low imped¬ 
ance at the high audio frequencies and will cause a reduction in the 
impedance of the parallel circuit formed by the coupling resistor TZe, the 
grid-leak resistor Rg^ and the shunting capacitance Cr. A reduction in 
the value of this impedance will cause a reduction in the voltage at this 
parallel circuit, thereby causing a loss in the amplification at the high 
frequencies. It may further be observed that the division of current in 
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the parallel combination depends on the impedance of its various mem¬ 
bers. Increasing the value of the coupling resistor as a means of increas¬ 
ing the amplification of the circuit does not produce the gain anticipated 
but instead results in a decrease in current through the coupling resistor, 
thereby decreasing the overall gain of the circuit. 

The low-frequency characteristics of a resistance-capacitance-coupled 
amplifier depend largely upon the ratio between the impedance of the 
blocking capacitor Ch and the resistance of grid-leak resistor Rg, Increas¬ 
ing the capacitance of the blocking capacitor decjreases its impedance, 
thus lowering the value of resistance required for the grid-leak resistor. 
The higher the value of the grid-leak resistor, the higher will be the 
overall amplification. It has previously been shown that at the high 
frequencies part of the signal current will be by-passed by the interelec¬ 
trode capacitance Cgk between the grid and cathode of tube 2. The 
portion of the signal current by-passed will depend upon the ratio between 
the resistance of the grid-leak resistor and the impedance of the interelec¬ 
trode capacitance Cgk. 

Practical Values of Rcj Rg, and Cb- The values of the coupling resistor, 
grid-leak resistor, and the blocking capacitor will depend upon the tube 
used, the operating plate and grid voltages, and the frequency charac¬ 
teristics desired. The resistance of the coupling resistor, sometimes 
called the plate resistor or load resistor, will range from 50,000 ohms to 
500,000 ohms. The plate resistance of triodes is of a comparatively low 
value and the coupling resistor used will generally have a resistance of 
from two to five times the value of the plate resistance. Pentodes have a 
comparatively high value of plate resistance and the value of the coupling 
resistor used with this type tube will seldom exceed 500,000 ohms and 
hence will be only a fraction of the tube's plate resistance. 

The resistance of the grid-leak resistor, sometimes referred to as the 
grid resistor, will range from one-tenth megohm to one megohm. This 
value is dependent on the values of the coupling resistor and blocking 
capacitor and its resistance is generally from two to five times the value 
of the coupling resistor. 

The capacitance of the blocking capacitor, sometimes called the 
coupling capacitor, will depend upon the frequency characteristics desired 
and will range from 0.003 juf to 0.03 pi. This capacitor should have a 
high dielectric strength in order to prevent any of the plate voltage being 
applied to tube 1 from leaking to the grid of tube 2. Mica-dielectric 
capacitors are recommended for the coupling capacitor, although paper- 
dielectric capacitors having a high value of equivalent-parallel resistance 
are also Used. 

These values and rules for determining the resistance of the coupling 
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and grid-leak resistors and the capacitance of the blocking capacitor are 
very general. Recommended values for these circuit elements for the 
various types of amplifier tubes are listed in the Resistance-coupled 
Amplifier Chart of Appendix XVI. Observation of these listings indi¬ 
cates that the choice of plate supply voltage and the value of the coupling 
resistor determines the values of the other circuit elements. The desired 
amount of voltage gain and the desired frequency characteristics are the 
factors that determine the amount of plate supply voltage and the value 
of the coupling resistor to be used. 

In order that the tube used will operate with the correct grid bias and 
screen-grid voltage, the proper values of cathode resistor, screen resistor, 


Ct 
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cathode by-pass capacitor, and screen by-pass capacitor must be used. 
The values required for commonly used tubes at various amounts of 
plate-supply voltage are also listed in the Resistance-capacitance-coupled 
Amplifier Chart of Appendix XVI. 

8-6. Voltage Amplification for the Intermediate-frequency Range. 
Resistance-capacitancc-coupled audio amplifiers are generally designed 
to give the maximum voltage gain for the intermediate frequencies. 
The voltage amplification for this frequency range will therefore be 
considered first. 

For amplifiers using triodes, the equivalent circuit for intermediate 
frequencies will be as shown in Fig. 8-66. From this equivalent circuit 
diagram it can be seen that the impedance of the output load is equal to 
the impedance of the parallel circuit formed by the coupling resistor Rc 
and the grid-leak resistor Rg, or 


RcRg 
Rc + Rg 


' ( 8 - 6 ) 


The voltage amplification at intermediate audio frequencies for a 
triode amplifier can be found by substituting this value of impedance 
[Eq. (8-6)] in the basic equation for the voltage amplification of* a triode 
as was expressed by Eq. (7-5), 
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VA = 5r^ 

lio + Tp 

Equation (7-5) may be rearranged to read 


VA - 


Zo^ 

Rvibslitutins Eq. (8-0) for in Eq. (8-7) 


RcR, 

For amplifiers using pentodes, the equivalent circuit for intermediate 
frequencies will be as shown in Fig. 8 - 86 . The impedance of the load, 
that is, exclusive of the plate resistance rp, is equal to the impedance of 
the parallel circuit formed by the coupling resistor Rc and the grid leak 
resistor Rg and is expressed by Eq. ( 8 - 6 ). This may also be expressed as 


Zo Re Rg 


(8-6a) 


The voltage amplification at intermediate audio frequencies for a pentode 
amplifier can be found by substituting Eq. ( 8 -G) or ( 8 - 60 ) in the basic 
equation for the voltage amplification of a pentode as was expressed by 
Eq. (7-8). 

= (7-8) 

Equation (7-8) may be rearranged to read 


VA = 


2 . rp 


Substituting Eq. (8-6) for Zo in Eq. (8-9) 

Rc + Ro . i 

RcRg Tp 

K Eq. (8-6a) is substituted for ^ in Eq. (8-9) 


( 8 - 10 ) 


VAv = 


JL + i- + i 

Rg^Rg Tp 


(8-10o) 
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(8-106) 


VAjif Qm^e 


where 


Re, = 


J_ -f J>. 

Rc ^ Ra 


[from Eq. (2-32)] 


Example 8-12. The resistance-capacitance-coupled amplifier of a certain radio 
receiver uses the triode unit of a 6SQ7 tube operated with 250 volts on its plate and a 
coupling resistor of 500,000 ohms. If the re(*ommended values (Appendix XVI) are 
used for the other circuit elements of the coupling network, what is the voltage ampli¬ 
fication for the intermediate-frequency range? 


Solution: 


Given: 

Tube = 6SQ7 
Eb — 250 volts 
Re =0.5 megohm 


Find: 

VAjif « ? 


Tp = 91,000 ohms (from Appendix XV) 

M = 100 (from Appendix XV) 

Ba = 1 megohm (from Appendix XVI, use 300-volt listing assuming that 

Eb — Ebb — hRo = 250 volts) 

- ^ _ 100 
rp(Rc + R„) 91,000(0.5 X 10‘ + 10*) “ 

nc;\/iA6\^irka jl 


91,000(0.5 X 10« -f 10«) 
0.5 X 10« X 10« 


Example 8-13. The resistance-capacitance-coupled amplifier of a certain radio 
receiver uses a type 6J7 tube operated as a pentode Class A amplifier with 250 volts 
on its plate and a coupling resistor of 250,000 ohms. If the recommended values 
(Appendix XVI) are used for the other circuit elements of the coupling network, 
what is the voltage amplification for the intermediate-frequency range? 


Given: 
Tube 
Eb 


Solution: 


ibe = 6J7 
Eb = 250 volts 
Re =* 0.25 megohm 


Find: 

YKm = ? 


rp « 1 megohm (from Appendix XV) 

Qm « 1225 jLinihos (from Appendix XV) 
Rg = 0.5 megohm (from Appendix XVI) 

VAjtf = = 1225 X 10-* X -iy = 175 

i> _ 1 1 


0.25 X 10* ^ 0.5 X 10* 


8 - 7 . Voltage Amplification for the Low-frequency Range. The 
voltage gain for the low audio frequencies will be less than that obtained 
for the intermediate-frequency range because of the voltage drop at the 
blocking capacitor Ct. For most practical purposes, the factor by which 
the gain is reduced is dependent upon the ratio of the resistance of the 
grid-leak resistor to the impedance of the series circuit consisting of the 
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blocking capacitor and the grid-leak resistor as expressed by Eq. (8-1 Ifc). 
This factor is expressed mathematically as 



where Kl = low frequency factor of voltage amplification 
Xc = reactance of the coupling capacitor Ch, ohms 



(ahlow frequencies 

i rnmmM a 



W-Intermediate frequencies 


fcpHigh frequencies 



^di-High frequencies (Simplified) 

Fio. 8-8.—Equivalent electrical circuits at various audio frequencies for a resistance- 
capacitance-coupled amplifier circuit using pentodes. 

triodes, R may be taken as equal to Rg without causing any great error in 
the low-frequency factor Kl. Hence 
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KlII , _ 

V'+(I)’ 

(8-1 la) 

or 

K ~ 

(8-116) 


■ A'l ^ ^ 

4 ^” ■^( 2 ^/cO 

(8-1 Ir) 


The voltage ampHfieation at low audio frequencies for triode amplifiers 
can now be found by combining Eqs. (8-116) and (8-8), as 

VAt = Kl VAm 

or VAt ^__ 

+ 1 ) 

The voltage amplification at low audio frequencies for pentode 
amplifiers can be found by combining Eqs. (8-11) and (8-106), as 


( 8 - 12 ) 

(8-12a) 


VAl = Kt YAm (8-12) 

or VAi = — j — ffmEe* (8-13) 

Examination of Eqs, (8-11), (8-1 la), and (8-13) will show that when 
the frequency of the audio signal is such that the reactance of the blocking 
capacitor is equal to the resistance value, the voltage gain will be 70.7 
per cent of the voltage amplification obtained for the intermediate- 
frequency range. When the frequency of the audio signal decreases so 
that the reactance of the blocking capacitor is twice the resistance value, 
the voltage gain will be less than 50 per cent of the voltage amplification 
obtained for the intermediate frequency. When expressed in db, this 
would indicate —3 db when Xq is equal to 72 and — 7 db when Xc is twice 
the value of 72. As changes in volume greater than 3 db are readily 
detected, it becomes apparent that the values of the resistances ahd the 
blocking capacitor should be carefully selected in order to obtain good 
soimd reproduction. 

Example 8-14. What is the voltage amplification of the amplifier circuit used in 
Example 8-12 for a low audio frequency signal of 100 cycles by use of the low-frequcncy 
factor expressed in (a) Eq. (8-11)? (6) (8-1 la)? 
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Given: 

f 

VAm 

Rc 

Tp » 

Ro 


Solution: 


100 cycles 
: 78.55 
0.5 megohm 
91,000 ohms 
1 megohm 


Find: 
VAl 


(a) 


VAl 
Kl « 

Xc « 


Cb = 0.004 iji (from Appendix XVI) 
Kl VAiii = 0.038 X 78.55 - 73.68 
1 1 




= 0.938 


159,000 

fC 


159,000 
100 X 0.004 


R ^ Rg -\- 


rpRe 


= 10 « + 


076,988/ 
397,500 ohms 
91.000 X 500,000 




Tp 4- Rc ” ' 91,000 -hW,00D 

VAl - Kl VAm = 0.929 X 78.55 = 72.97 
1 1 


1,076,988 ohms 


V.+©- 


= 0.929 


Xc 


159,000 _ 159,000 

fC 100 X 0.004 
R — Rg ^ \ ,000,000 ohms 


= 397,500 ohms 


Example 8-15. What is th(' voltage amplification of the amplifier circuit used in 
Example 8-13 for a low audio-frequency signal of 100 cycles, by use of the low-fre¬ 
quency factor expressed in (a) Eq. (8-11)? (5) Eq. (8-1 la)? 


Given: 

/ = 100 cycles 
VAm * 175 

Rc = 0.25 megohm 
rp » 1 megohm 
Rg ■» 0.5 megohm 


Find; 
VAl 


Solution: 


(a) 


VAl 
Kl « 


Cb *= 0.005 trf (from Appendix XVI) 
Kl VAm « 0.910 X 175 * 159.25 
1 1 




0.910 


169,000 _ 159,000 

fC “ 100 X 0.005 

TpRe 


318,000 ohms 


(b) 


Xc 

^ + rp + Rc ~ 1,000,000 + 25O70O0 

VAx, - Kl VAw - 0.843 X 175 = 147.5 
1 1 


'Lft.! nnn i ^ 260,000 _ -q,, olimB 

“^>000 + 7nr5nv5rXl«?rnnn 700,000 onma 


Kl 


Xc 


Vi+ (!-;)■ yl, + {mm 


r=r - 0.843 


159,000 159,000 


fC 100 X 0.005 
B mm Rg mm 500,000 ohms 


500,000/ 
318,000 ohms 
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From the results of Examples 8-14 and 8-15 it can be seen that the 
voltage gain at low frequencies of audio amplifiers using triodes can be 
calculated by use of the approximate low-frequency factor of Eq. (8-1 la) 
without introducing any appreciable error. However, the low-frequency 
gain for amplifiers using pentodes should be determined by use of Eq. 
(8-11) for more accurate results. 

8 -8. Voltage Amplification for the High-frequency Range. The 

voltage gain for the high audio frequencies will be less than that obtained 
for the intermediate-frequency range because of the by-pass path pro¬ 
vided by the capacitance Ct (see Figs. 8-6d and 8-8d). For most practi¬ 
cal purposes, the factor by which the voltage gain is reduced is dependent 
upon the ratio of the equivalent resistance of the parallel circuit formed 
by the plate resistance, coupling resistor, and grid-leak resistor to the 
reactance of the capacitance Ct that shunts these resistors. This factor 
is expressed mathematically as 


or 


Kh = 

Kh = 


1 



1 


VYrTReMCrV 


(8-14) 

(8-14a) 


The voltage amplification at high audio frequencies for amplifiers 
using triodes can be found by combining Eqs. (8-14a) and (8-8) 

VA// = Kh YAm (8-15) 

or VAi, = -^ (8-15a) 

Vi + (KeMCrr + i) 


The voltage amplification at high audio frequencies for amplifiers 
using pentodes can be found by combining Eqs. (8-14a) and (8-106) 


or 


VA// = Kh YAm 

Y\ == _ QmReq _ 

" Vl + (RcMCtV 


(8-15) 

(8-16) 


Examination of the high-frequency factor expressed in Eq. (8-14) will 
show that, when the frequency of the audio signal is such that the 
reactance of the shunting capacitance Ct is equal to the equivalent 
resistance of the parallel circuit formed by the plate resistance, the cou¬ 
pling resistor, and the grid-leak resistor, the voltage gain will be 70.7 per 
cent of the voltage amplification obtained for the intermediate-frequency 
range. When the frequency of the audio signal increases so that the 
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reactance of the shunting capacitance is reduced to one-half the value of 
the equivalent resistance, the voltage gain will be less than 50 per cent of 
the voltage amplification obtained at the intermediate audio frequencies. 
Expressed in decibels, these reductions in gain represent — 3 db and —7 
db respectively. From this, it is apparent that the interelectrode capaci¬ 
tances of the tube and the stray capacitance of the wiring have an impor¬ 
tant bearing on the fidelity of sound reproduction. 

Factors Affecting the Value of the Shunting Capacitance. The total 
shunting capacitance Ct (see Figs. 8-Gd and 8-8d) is equal to the sum of 
the three separate shunting capacitances indicated on Figs. 8-6c and 8-8c. 
Thus the value of Cr may be expressed as 

Ct = CU + Cpk + Ci (8*17) 

where Cr = total shunting capacitance 

Cw = stray capacitance of the wiring 

Cpk — interelectrode capacitance between the plate and cathode 
of the first tube 

Ci = effective input (capacitance of the load, which in this case is 
the second tube 

The stray capacitance due to the wiring is usually quite low in value 
and is generally under 10 /x/if. The plate-cathode capacitance of the first 
tube may be obtained from a standard tube manual. The effective input 
(capacitance of the load Avhen the output is fed into a second tube is the 
combined effect of the grid-cathode and grid-plate capacitances of the 
second tube. These two capacitances are in effect the same as two 
capacitors connected in parallel with one another. However, their 
combined effect is not equal to their arithmetic sum, as is the usual case 
mth capacitors connected in parallel. This is so because the voltage is 
not the same at each capacitance owing to the normal amplif 5 dng action 
that takes place between the grid and plate circuits. 

The effective input capacitance can best be explained by studying the 
charges at these two capacitances. The charge on any capacitor is equal 
to the product of the capacitance and the voltage. Therefore, the charge 
accumulated due to the grid-cathode interelectrode capacitance of tube 
2 is 

Qgk = CghCo (8-18) 

The charge accumulated due to the grid-plate interelectrode capacitance 
of tube 2 is 

Qgp = CffpBgp (8-19) 

However, the difference of potential between the grid and plate is 

Cgp Cq Cq 


( 8 - 20 ) 
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But, as the plate voltage change of a tube is 180 degrees out of phase with 
its grid voltage change, Eq. (8-20) may be expressed as 

Cup = Co + VA Co (8-20a) 

or Cffp = eo(l + VA) (8-206) 

where e^p = difference of potential between the grid and plate 
eo = voltage at the grid of the secjond tube 
VA = voltage amplification of the circuit 
VA eo = difference of potential between the plate and cathode 
Substituting Eq. (8-206) in (8-19) 


Qop = C,peo(l + VA) (8-19a) 

The total effective charge at the input of the second tube is ecpial to the 
sum of the grid-cathode and the grid-plate charges, or 

Qi = Qok + Qgp (8-21) 

also CiCo = CffkCo + CgpCoil + VA) (8-22) 

and Ci = Cgk + Cgp(i + VA) (8-23) 

It should be noted that in Eq. (8-23) the voltage amplification repre¬ 
sents that of the circuit and cannot exceed the amplification factor of the 
tube. It will normally be equal to approximately one-half the amplifica¬ 
tion factor of the tube. 

Example 8-16. The stray capacitance of the wiring of the amplifier circuit used 
in Example 8-12 is 5 /xAif, and the interelectrode capacitance Cpk of the first tube (6SQ7) 
is 3.2 nnf. The interelectrode capacitances of the second tube (6A3) are Cgk ~ 7.5 /zAtf, 
Cgp » 16.5 MMf and the amplification factor of the tube is 4.2. What is the total 
shunting capacitance Ct of the circuit? 

Given: Find: 

Cw = 5 txfxi Ct = ? 

Cpk = 3.2 ind 
Cgk = 7.5 M^f 
Cgp = 16.5 mmI 
M = 4.2 

Solution: 

Ci = Cgk + ^^^(1 4- VA) - 7.5 -f 16.5(1 + 2.1) « 58.65 
Note: VA = 0.5 X M = 0.5 X 4.2 « 2.1 

Cr = 4- Cpk -h == 5 4- 3.2 + 58.65 = 66.85 imi 

Example 8-17. What is the voltage amplification of the circuit used in Exafiiple 
8-12 for a high audio frequency of 5000 cycles if the shunt capacitance is 66.85 /i/d? 

Given: Find: 

/ = 5000 cycles VA^ » ? 

Cr = 66.85^iMf 
VAjr « 78.55 
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Solution: 


where Kh 


R 


eq 


YAh “ Kh YAm « 0.989 X 78.55 = 77.68 

_ 1 _ 

Vl + (R^TfCf? 

^ _1_ 

■sjl + X e.28 X 5000 X 66.85 X lO”** 

1 1 io» ' 

-- - -- —---- = 1 r ohms 

J: -L JL -L JL _L_j-L-j- \ - 

rp^ Rc^ Rq 91,000 ^ 500,000 ^ 1,000,000 


0.989 


Example 8-18. What is the voltage amplification of the circuit used in Example 
8-13 for a high audio frequency of 5000 cycles if the shunt capacitance is 315 ju/if? 


Given: Find: 

/ = 5000 cycles YAh “ ? 

Ct =* 315 ju/xf 
YAm « 175 
10 ® 

Req =* ohms 


Solution: 


where Kh 


YAh = Kh YAm = 0.577 X 175 - 100.9 
_ 1 _ 

\/l + 


yjl + X 6.28 X 5000 X 315 X 10"“^ 


Example 8-19. The results of Examples 8-12, 8-14, and 8-17 indicate that the 
voltage amplification of the triode resistance-capacitancc-coupled amplifier circuit 
using the triode section of a 6SQ7 is 78.55 at 1000 cycles, 73.68 at 100 cycles, and 77.68 
at 5000 cycles. Assuming the voltage amplification at 1000 cycles as the reference 
level, what is the loss in decibels at the other frequencies? 

Given: Find: 

YAm “ 78.55 @ 1000 cycles (o) Decibel loss @ 100 cycles 

VAl “ 73.68 @ 100 cycles (6) Decibel loss @ 5000 cycles 

YAh » 77.68 @ 5000 cycles. 

Solution: 

(o) Loss @ 100 cycles - 20 log “ 20 log = 0.554 db 

(5) Loss @ 5000 cycles - 20 log ^ - 20 log ^|| - 0.094 db 

Example 8-20. The results of Examples 8-13, 8-15, and 8-18 indicate that the 
voltage amplification of the pentode rcsistance-capacitance-coupled amplifier circuit 
using a 6J7 tube is 175 at 1000 cycles, 159.25 at 100 cycles, and 100.9 at 5000 cycles. 
Assuming the voltage amplification at 1000 cycles as the reference level, what is the 
loss in decibels at the other frequencies? 
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Given: 

VAm == 175 @ 1000 cycles 
VAl = 15d.25 @ 100 cycles 
VAa = 100.9 @ 5000 cycles 


Find: 

(a) Decibel loss 100 cycles 

(b) Decibel loss @ 5000 cycles 


Solution: 

(а) Loss 100 cycles = 20 log = 20 log ^^‘25 0-^12 db 

(б) Loss @ 5000 cycles = 20 log = 20 log = 4.78 db 


8-9. Circuit Characteristics of Resistance-capacitance-coupled Ampli¬ 
fiers. From the results obtained in Examples 8-12 to 8-18 it can be seen 
that the voltage amplification of the resistance-capacitance-coupled 
amplifier circuit using either a high-mu triode or a pentode is fairly 
uniform for the entire audio-frequency range that is transmitted by the 
average broadcast station. From the results obtained in Examples 8-19 
and 8-20 it can be seen that the decibel variation with either the triode or 
pentode is much less than the variation in voltage amplification and the 
resulting change in volume is so small that it cannot be detected by the 
average listener. 

One of the outstanding characteristics of resistance-capacitance- 
, coupled amplifiers is that they have good fidelity over a comparatively 
^wide frequency range. The results obtained for the two amplifier circuits 
in Examples 8-12 to 8-20 can therefore be considered as being typical of 
resistancc-capacitance-coupled amplifiers. 

the gain in this type of amplifier circuit is provided by the tube. 
The associated circuit elements do not add to the gain but rather reduce 
the effective gain of the circuit so that the resulting voltage amplification 
is considerably less than the amplification factor of the tube used. How¬ 
ever, the overall amplification of a resistance-capacitance-coupled 
amplifier circuit is generally higher than can be obtained by using any 
one of the other coupling methods. This is possible because the high 
values of resistance required to match the high values of plate resistance 
of high-mu triodes and pentode tubes are easily obtained. 

£ Other advantages of this type of amplifier circuit are: (1) the parts 
low in cost and occupy very little space; (2) as there are no coils or 
isformers in the circuit, there is very little pickup of undesirable 
currents from any a-c leads, thus the amount of nonlinear distortion is 
minimized. 

A disadvantage of this type of amplifier is that a higher B supply 
voltage must be used in order to compensate for the voltage drop across 
the coupling resistor. 

Because of the many advantages of resistance-capacitance coupling it 
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is commonly used in audio amplifier circuits. The theory of this type of 
amplifier circuit has been considered in great detail because of this fact 
and also because its principle of operation is basic and is the one most 
easily understood. It therefore can serve as a comparison and can be 
used in the explanation of the operation of other types of amplifier cir¬ 
cuits. If the theory of operation of this type of amplifier is clearly 
understood, the theory of the others can more easily be followed. 

8-10. Impedance-coupled Amplifier. Basic Circait Action, One 
method of eliminating the high voltage drop between the B power supply 
and the plate of the tube is to replace the coupling resistor of the resist- 



Fio. 8-9.~ Impedance-coupled amplifier circuit using triodes. 


ance-capacitance-coupled amplifier with an iron-core choke coil having a 
high value of inductance and a low value of resistance. Amplifier circuits 
using this method of coupling are called impedance-coupled amplifiers 
and are similar to the resistance-capacitance-coupled amplifier except for 
the substitution of the inductance coil Lc for the coupling resistor Be 
(Fig. 8-9). 

The voltage drop across the coupling impedance is dependent on the 
ohmic resistance of the coil and the plate current; this voltage drop will 
be comparatively small. The voltage of the B power supply need then 
be only slightly higher than the required plate voltage of the tube used. 

The impedance that the coupling coil offers to the signal current is 
dependent on its value of inductance and the frequency of the audio 
signal. In order to obtain a high value of impedance at the low audio 
frequencies, the inductance of the coupling coil is made as high as is 
practicable. A high value of impedance is desired in order to obtain a 
high value of voltage amplification. The inductance of choke coils used 
as coupling impedances for audio amplifiers have a wide range of values 
and will vary from 10 to 800 henries. 

Frequency Characteristics, The frequency response of impedance- 
coupled amplifiers is not so good as that obtained with resistance-capaci¬ 
tance-coupled amplifiers (see Fig. 8-11). The decrease in gain is greater 
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at both the low and high audio frequencies than for resistance-capaci- 
tance-coupled amplifiers. This is due to the fact that the impedance of a 
resistor is fairly uniform at all frequencjies and its distributed capacitance 
is negligible, while the impedance of a coil varies directly with the fre¬ 
quency change and has an appreciable amount of distributed capacitance 
owing to the large number of turns required. At low audio frequencies 



0 > Ca 



W-LOW FREQUENCIES 






Fig. 8-10.~-Equivalent electrical circuits at various audio frequencies for an impedance- 
coupled amplifier circuit using triodes. 

the imp^ance of the coupling coil will be decreased, thus causing a 
decrease in the voltage gain at these frequencies. The distributed capaci- 
t^TO of the coil increases the shunt capacitance of the circuit and at the 
high audio frequencies this increase in shunting capacitance will cause 
more of the output current to be by-passed, thus further decreasing the 
voltage gain at these frequencies. 

Voltage Amplification of the Impedance-^oupled Amplifier. The 
method of determining the voltage amplification produced by the imped- 
anc^oupled amplifier is amilar to that used in determining the voltage 
amplification of the resistance-capacitance-coupled amplifier circuit, 
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which has already been presented in detail. The circuit characteristics 
are again observed at the low, intermediate, and high frequencies of the 
audio range. The equivalent electrical circuits for the three frequency 
ranges are given in Fig. 8-10. In these circuits Rl represents the resist¬ 
ance of the coupling impedance, Cl represents the distributed capacitance 
of the coupling unit, and Ra is used to represent the core loss of the cou¬ 
pling impedance. All other designations are the same as before. 

At the low and intermediate frequencies, the reactance of the shunting 
(capacitances is so high in comparison to R that it may be disregarded at 
these fre(iuencies. At the intermediate and high frequencies, the react¬ 
ance of the inductor is much greater than R and hence it may be disre¬ 
garded at these frequencies. Thus the voltage amplification of the circuit 
at the intermediate frequencies [Eq. (8-24)] is dependent largely upon the 
values of resistances in the circuit because the effects of all the reactances 
are negligible at these frequencies. The voltage amplification at the low 
freciuencies [Eq. (8-25)] decreases because of the reduction in the react¬ 
ance of the inductor L shunting the load and the increase in the reactance 
of the blocking capacitor Cb connected in series with the resistor Rg. 
The voltage amplification at the high frequencies [Eq. (8-26)] decreases 
because the reactance of the shunting capacitances becomes relatively 
low at these frequencies, thereby causing a decrease in the voltage ampli¬ 
fication, The equations for expressing the approximate voltage amplifi¬ 
cation at the various frequencies are 


also 


VA,.^ 

YAm^ 


tiR 


YAl^ 


rp + R 

QmReq 

1 


li ^ ^ 

\ + L . 






or 




QmRp 


QmRe 


(8-24) 

(8-106) 

(8-25) 

(8-26) 

(8-26a) 


where R = 


Rbo == 


RcRg 


Rc + Rg 

negligible 

V pRclRg 


Vl + 

^ Rg when Rc becomes so high that its effect is 


T pRg 


Rei = resistance which would produce an effect equivalent to the 
core loss, ohms 
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Xc — reactance of the blocking capacitor Ch, ohms 

Xt = reactance of the total shunting capacitance Cr, ohms 

Ct = Cp, + Cl + Ci + Cw 

Comparing Eqs. (8-24), (8-25), and (8-26a) with Eqs. (8-7), (8-13), 
and (8-16) will show that the equations for the voltage amplification of 
impedance-coupled amplifiers are very much similar to those of resist¬ 
ance-capacitance-coupled amplifiers. 
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Fig. 8-1 1. -“ Relative gain vs. frequency characteristics for an impedance-coupled audio¬ 
frequency amplifier. Curve A for a simple impedance-coupled circuit (Fig. 8-9), curve B 
for a circuit with a resonant Section (Figs. 8-12a and 8-126). 


Example 8-21. The coupling coil of an impedan(!o-coupled amplifier circuit 
similar to Fig. 8-9 has an inductance of 150 henries and a resistance of 3500 ohms. 
Tube 1 is a type 6C5 operated with 250 volts at its plate and with 8 volts grid bias. A 
5(X),0(X)-ohm resistor is used at Rg and the blocking capacitor Ch has a value of 0.01 yl. 
The total shunting capacitance of the circuit is 200 pyi. Assume the core loss of the 
coupling unit to be so low that Rci may be ignored, (a) What is the impedance of 
the coupling coil at 50, 1000, and 10,000 cycles (neglecting the effect of its resistance 
and distributed capacitance)? (6) What voltage is required of the B power supply? 

(c) What is the voltage amplification of the circuit at 50, 1000, and 10,000 cycles? 

(d) What is the gain in decibels at 50, 1000, and 10,000 cycles? (c) What is the decibel 
variation over a range of 50 to 10,000 cycles? 


Given: 

Find: 

L * 150 A 

(a) Xl 

/?L = 3500 ohms 

(b) Ehh 

1\ * 6C5; Eh » 250 volts 

(c) VA 

Ec ^ —S volts 

(d) Decibel gain 

Rg =» 500,000 ohms 

Ch * 0.01 juf 

Ct =** 200 fjLfjd 

(c) Decibel variation 


Solution: 

(a) Xl » 2ir/L = 6.28 X 50 X 150 =» 47,100 ohms (at 50 cycles) 

Xl « 2«/L » 6.28 X 1000 X 150 « 942,000 ohms (at 1000 cycles) 
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(d) 


(e) 


Xt = 2ir/L = 6.28 X 10,000 X 160 = 9,420,000 oliins (at 10,000 cycles) 
Eu,^ Eb + hRi = 250 + 0.008 X 3600 = 278 volts 
where /i, = 8 ma (from Appendix XV) 

QmReq 


{!>) 


(c) VA 40 = 


+ ipy +( 1 ^) 


2000 X 10-« X 9800 


J / 9800 / 9800 X 318,(MX) y 

v47,io6y V 10,000 X 5oo,oooy 

TpHq 


where Req — 

rp = 
Xl = 

Xc - 

Qfn 

VAioOO 
VA 10.000 


= 16.4 


10,000 X 500,000 _ , 

10,000 + 500,000 


Tp + R\ 

10,000 ohms (from Appendix XV) 

2irfL = 6.28 X 50 X 150 = 47,100 ohms 
159,000 _ 159,000 
fC 


318,000 ohms 


50 X 0.01 

2000 X 10“* mho (from Appendix XV) 
gmReq = 2000 X 10-8 X 9800 = 19.6 
1 

- - —. ... . T - QmKeq 

VTT (Req2irfCT)^ 

2000 X 10-8 X 9800 


19.4 


\/l + (9800 X 6.28“ X 10^ X 200 X 10-i2)2 

decibel = 20 X log 16.4 = 20 X 1.2148 = 24.296 (at 50 cycles) 

decibel = 20 X log 19.6 « 20 X 1.2923 = 25.846 (at 1000 cycles) 

decibel « 20 X log 19.4 = 20 X 1.2878 = 25.756 (at 10,000 cycles) 

decibel variation = 25.8 — 24.3 = 1.5 db 


Double-impedance Coupling. One of the methods used to increase the 
gain of the impedance-coupled amplifier at the low audio frequencies is to 
replace both the coupling resistor and the grid-leak resistor with low- 
frequency choke coils. Such an arrangement is shown in Fig. 8-12o and 
is called a double-impedance-coupled amplifier circuit The inductances 
of both coils are generally of the same value and when combined with the 
blocking capacitor Ch they form a series tuned circuit that is resonant at 
some low .value of audio frequency. The voltage amplification at this 
frequency will thus be increased. 

A disadvantage of this circuit is that the use of two coils in parallel 
doubles the amount of distributed capacitance, thus further increasing 
the shunt capacitance of the circuit. The gain at the high audio fre¬ 
quencies will therefore be further decreased. 

Parallel Plate Feed. In the impedance-coupled amplifier circuits 
shown in Figs. 8-9 and 8-12a the direct current from the B power supply 
must flow through the coupling impedance coil. The flow of direct 
current through a coil having an iron core will decrease the permeability 
of the magnetic circuit, thus causing the inductance of the coil to decrease. 
Although this decrease in inductance causes a decrease in the voltage 
gain over the entire audio-frequency range, it is only at the low audio 
frequencies that any appreciable difference is obtained. 
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In order to prevent decreases in voltage gain due to changes ^ 
inductance of the coil it is necessary to provide a means of isolating the 
direct current from the coupling impedance. This is accomplished by 
providing two parallel paths for the plate current (see Fig. 8-126). The 
resistor Rb provides the path for the d-c component or steady value of 
plate current, and the coupling coil Le and the blocking capacitor Cz will 
then carry only the signal or var 3 dng component of the plate current. 
This type of circuit is called an impedance-coupled paralleLplate-feed 




Fia. 8-12.—Applications of impedance-coupled amplifier circuits, (o) Double-imped- 
ance-coupled amplifier circuit, (6) impedance-coupled amplifier circuit with parallel- 
plate-feed. 

amplifier circuit and is used whenever it becomes desirable to keep the d-c 
plate current out of the coupling impedance. The resonant frequency of 
the series tuned circuit formed by the blocking capacitor Cj and the 
coupling coil L. is the frequency at which the capacitive reactance equals 
the inductive reactance. The voltage gain at this frequency will be 
increased since the voltage across the coupling coil will be comparatively 
high. Thus the voltage gain at any audio frequency can be increased 
by using values of C» and L. that will make the series timed circuit 
resonant for that frequency. 

The response at frequencies above and below the resonant frequency 
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will attenuate either slowly or rapidly depending on the amount of 
resistance at /f/;. Increasing the value of the resistor Rb decreases the 
rate of attenuation, thus broadening the peak of the response curve. 
Decreasing this resistance aniII increase the rate of attenuation, thus 
making the peak of the response curve sharp. The curve of Fig. 8-11 
shows the variation in voltage gain over the audio-frequency range. 
The curve shown in the dashed line represents the effect of the series 
tuned portion of the circuit. By choosing the proper resonant frequency 
for this series timed circuit it is possible to improve the frequency response 
characteristics of the amplifier. It should be evident that by choosing 
suitable values for Rb, Lc, and Cs (Fig. 8-126), it is possible to improve the 
response at low audio frequencies and to broaden the entire response curve 
of the circuit. 


Example 8-22. The coupling coil used in an impedance-coupled audio-amplifier 
circuit similar to Fig. 8-12 has an inductance of 300 henries. What value of blocking 
capacitor is required to cause the tuned circuit to be resonant at (a) 82 cycles? (6) 820 
cycles? (c) 8200 cycles? 


Given: 

Lc *= 300 henries 


Solution: 


Find: 

(а) C at 82 cycles 

(б) C at 820 cycles 
(c) C at 8200 cycles 


(а) C 

( б ) C 
(c) C 


25,300 

25,300 ^ 

PL • 

“ (82 X 10-^)* X 300 X 10* 

25,300 

25,300 

PL ' 

" (820 X 10-3)* X 300 X 108 

25,300 

25,300 

PL ■ 

’ (8200 X 10“8)* X 300 X 10» 


0.0125 4 


Circuit Characteristics, In comparison with resistance-capacitance- 
coupled audio amplifiers, the impedance-coupled audio amplifier requires 
less voltage for the B supply, usually has a slightly greater gain per stage, 
but its response over the entire audio-frequency range is not so uniform. 
However, its disadvantage is sometimes offset by the fact that it is pos¬ 
sible to peak the response of an impedance-coupled amplifier at any 
desired audio frequency. 

Impedance coupling is generally used with triodes where relatively 
high values of plate current make the use of load resistors impractical 
since higher power supply voltages would be required. This method of 
coupling has not been used very much since the introduction of specially 
designed tubes for resistance-capacitance-coupled amplifiers. 

Transformer-coupled Amplifier. Basic Circuit Connections, 
Audio amplifier circuits using a low-frequency (iron-core) transformer as 
the coupling unit between two successive stages are called transformer- 
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coupled audio amplifiers. As with the impedance-coupled amplifier 
circuit, connections can be made to produce either series or parallel feed. 
Connecting one side of the primary winding to the plate of the first tube 
and the other side to the B power supply will produce series feed (Fig. 
8-13a). Parallel feed is obtained by connecting a resistor Rb between the 
plate and B power supply; the primary winding, in series with the block¬ 
ing capacitor Cbj is then connected in parallel with this resistor (Fig. 8-15). 

Frequency Characteristics. Transformer-coupled audio-amplifier cir¬ 
cuits generally employ triodes such as the 1H4-G, 6C5, 6J5, and 6L5-G. 
The plate resistance of these tubes is usually less than 12,000 ohms and the 
amplification factor very seldom exceeds 20. The equivalent electrical 
circuit can therefore be considered in the constant-voltage-generator form 
as shown in Fig. 8-136. A complete analysis of this circuit is quite difficult 
because of the many factors that vary with the frequency such as the 
primary and secondary impedance, the shunting effect due to the dis¬ 
tributed capacitance of the windings, the shunting effect of the core loss, 
and the coupled impedance effect. However, an approximate solution 
can be obtained by omitting the shunting effects of the distributed 
capacitance and the core loss and also omitting the effects of coupled 
impedance. The equivalent electrical circuit may then be reduced to the 
form shown in Fig. 8-13c. In addition to the factors shown on Fig. 
8-13c, the voltage amplification is also dependent upon the coeflScient of 
coupling between the primary and secondary windings of the transformer. 
In well-designed a-f transformers, the coefficient of coupling is very close 
to unity and hence this factor may be disregarded. The voltage ampli¬ 
fication for any audio frequency may then be expressed as 


where n = transformer secondary to primary turns ratio 

Zp = total equivalent impedance of the primary winding 
Voltage AmplificcUion for the Intermediate-frequency Range. At the 
low- and intermediate-frequency values, the reactances of all of the 
shunting capacitances shown in Fig. 8-136 are so high that their effects 
may be disregarded. The core loss in well-designed transformers is 
generally so low that its effective resistance Ra may also be disregarded; 
the equivalent circuit may then be further simplified as shown in Figs 
8-14a and 8-146. The output voltage will then be 

_ Xlp _^ 

VWTxI? 


Co - peg 


(8-28) 
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where rp = Ploite resistance of T-'l 

Cpk = Plate-cathode capacitance of T-l 

Cp = Distributed capacitance of the primary winding 

Rp * Resistance of the primary winding 

Rci = Equivaient resistance of the transformers core toss 

Lp ^ Leakage inductance of the primary 

Lp ^ Inductance of the primary 

Cp 2 * Distributed capacitance between the primary and secondary windings 

Ls ^ Inductance of the secondary 

Ls -Leakage inductance of the secondary 

Rs ^ Resistance of the secondary winding 

Cs - Distributed capacitance of the secondary winding 

Ci - Input capacitance of T-2, see Eg, (8'23) 

Ri Input resistance of 

Fig. 8-13.—Simple transformer-coupled amplifier circuit using triodes. 
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and the voltage amplification becomes 


(8-29) 


VWTxI? ' ' 

where Xlp — reactance of the primary winding 

T Ttci 

Ri = equivalent primary circuit resistance = ——h Rp 

Tp "7“ nci 

Note: jBi = rp + Rp when Rd is large compared to Vp 
Rci = resistance producing an effect equal to the core loss 
In well-designed transformers, the value of Xip is much greater than Ri 
and hence 

YAm ^ ixn (8-30) 

Voltage Amplification for the Low-frequency Range, At low fre¬ 
quencies, the equivalent circuit conditions as shown in Fig. 8-14a are the 


Rf -Tp'f'Rp 



raMOW FREQUENCIES 

Ri^rp-t-Rp 



W-INTERMEDIATE FREQUENCIES 




I Rfrp*Rp*^ 


rcJ-HI6H FREQUENCIES 

Fig. 8-14.—Simplified equivalent electrical circuits at various audio frequencies for a 
transformer-coupled amplifier using triodes. 

same as for the intermediate frequencies. The voltage amplification 
will therefore be the same as expressed by Eq. (8-29). This may also be 
expressed as 

VAt = Kh YAm (8-12) 

where 


Kt = 


^ /D 2 I IT 2 


( 8 - 31 ) 
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Well-designed transformers provide uniform response (±2 db) for 
frequencies as low as 100 cycles with series-plate-feed circuits and as low 
as 30 cycles with parallel-plate-feed circuits. In order to obtain such 
uniform response, Xlp must be much greater than Ri —even at the low 
frequencies. It therefore becomes necessary for the transformer to have 
a high value of inductance. 

Voltage Amplification for the High-frequency Range, At the high 
frequencies, the effects of the shunting capacitances and the leakage 
inductances can no longer be disregarded. Under these conditions, the 
equivalent circuit will be as shown in Fig. 8-14c. The voltage amplifica¬ 
tion of the circuit will then be 


VAh = Kh YAm (8-15) 

where 

"" \/Ri-2^ + (X/' - XtY 

Xt = total equivalent shunting reactance referred to the primary 
/ 2 i -2 = total equivalent resistance referred to the primary 
Ap" = total equivalent leakage reactance referred to the primary 
Examination of Eq. (8-32) will show that Ku will be maximum when Xp" 
is equal to Xt* From Eqs. (8-32) and (2-48), it can be shown that 

K„.^, - —(g-32a) 

where Lp" = inductance, henries 

Ct = capacitance, micromicrofarads 
Comparison of the low-and high-frequency amplification factors of 
the transformer-coupled amplifier circuits with those of the resistance- 
capacitance-coupled circuits will show that they are similar in form. 

Example 8-23. A transformer-coupled a-f amplifier circuit similar to Fig. 8-13a 
is to be used to couple the output of a type 6J5 tube to a type 6L6 tube. The 6J5 
tube is to be operated with a grid bias of 8 volts and with 250 volts at its plate; its 
plate-cathode capacitance is 3.6 /i/d- The operating voltages and load impedance of 
the 6L6 tube are such that the tube presents capacitance at its input. The 

constants of the transformer are: n = 3; Lp * 100 henries; Ls * 900 henries; Rp =» 
100 ohms; Rs =* 900 ohms; Lp* «* 0.15 henry; Ls' « 1.35 henries; total distributed 
capacitance referred to the primary » 60 tifd ; assume the core-loss effect to be negligible. 
The total stray capacitance of the circuit wiring referred to the primary is 10 mmI- 
What voltage amplification is produced by the stage, 6J5 tube and transformer, at 
(a) 1000 cycles? (5) 50 cycles? (c) 10,000 cycles? (d) At what frequency will 
the maximum ampliheation occur? (c) What is the voltage amplification at this 
frequency? 
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Given: 

X-1 « 6J5; Cpk "= 3.6 tijxl] 

T-2 - 6L6; C* « 10 nnf; 

n ^ 3; Lp = 100 henries; Ls = 900 henries; 
Rp = 100 ohms; Rs =* 900 ohms; 

Lp' « 0.15 henry; Ls' = 1.35 henries; 

Cd *= 60 /jLfjf; Cu, = 10 fxfii; 


Find: 

(а) VA ^ 1000 cycles 

(б) VA Qp 50 cycles 

(c) VA (g\ 10,000 cycles 
(r/) / for VA max 
(f) VA™.. 


Solution 

(a) 


VAiooo — Mn “ 20 X 3 •“ 60 
where m “ 20 (from Appendix XV) 

Xlp VAa, _ _ 3 1,400 X 60 

VTSOO* + 31,400* 


(6) VA.0 = —, 


VRi* + Xlp* 


= - 58.2 


where J?i ^ rp -H = 7700 + 100 = 7800 ohms 
Tp = 7700 ohms (from Appendix XV) 

Xlp = 2irfLp = 6.28 X 50 X 100 = 31,400 ohms 

Xr VAv __ _ 97,333 X 60 


(c) VAio.ooo = 


where Xt — 


\/R7-!!‘ + (A>" - Xt)* 

1 1 


V7900* + (18,840 - 1)7,333)* 
priirr == 97,333 ohms 


rr = 74 


2irfCT 6.28 X 10^ X 163.6 X 10“i2 
Ct = Cpk.i + Cl) + Cu, + = 3.6 -f 60 + 10 + 9 X 10 = 163.6 mxi 


Ri^2 

Xp" 

Lp'^ 


rp + ^ = 7700 + 100 + 


900 

9 


= 7900 ohms 


id) jr 


IrfLp" = 6.28 X 10« X 0.3 = 18,840 ohms 
1 - 1 


%r y/Lp” Ct 6.28 Vo.S X 163.6 X lO”** 


= 22,747 cycles 


10 « 


(c) VAx. 


y Ct 


VAm 10« 


\i6; 


.3 

163.6 


X 60 


Ri^ 


7900 


325 


The low and high audio-frequency response of transformer-coupled 
amplifiers will decrease in the same manner and for similar reasons as the 
double-impedance-coupled amplifier. By using parallel feed instead of 
series, the frequency response curve can be peaked at either the low or 
high frequencies to obtain a more uniform response. The shape of the 
frequency response curve will, therefore, like the impedance coupled 
amplifier, have a number of variations (see Fig. 8-16], 

8-12. Audio-frequency Transformers. Audio transformers are used 
primarily to increase the voltage of audio-frequency signals. The 
increase in voltage produced by a transformer will be in direct proportion 
to the turns ratio of the secondary and primary windings. This ratio 
may vary from unity or 1 to 1 ratio to as high as 6 to 1. In addition to 
the turns ratio, the voltage gain of a transformer-coupled audio amplifier 
circuit will depend on the impedance of the primary winding. In order 
to obtain maximum voltage amplification, the impedance of the primary 
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circuit should be high so that the ratio of primary impedance to plate 
resistance is high. 

The impedance of the primary winding is dependent on its inductance 
and the frequency of the audio signal. In order to obtain a high induct¬ 
ance a large number of turns must be wound on a soft iron core having a 
high permeability. Increasing the number of turns on the primary 
increases the number of turns required on the secondary. This in turn 
increases the size of the transformer and also increases its cost. The size 





Fig. 8-15.—Transformer-coupled amplifier circuit with parallel-plate-feed. 


of the transformer is generally kept at a minimum by winding both the 
primary and secondary mth a small size (about No. 40) enamel-covered 
copper wire. As the current flow in the transformer windings is usually 
only a few milliamperes, it is safe to use wire as small as No. 40. Because 
of the large number of turns on the primary and secondary windings 
their distributed capacitance will be quite high. The shunting effect 
of this capacitance will decrease the gain, particularly at the high audio 
frequencies. 

Decreasing the number of turns on both the primary and secondary 
windings and keeping their turns ratio high is another method used to 
decrease the size and cost of the transformer. The primary winding of 
transformers of this type have a low value of inductance. The impedance 
of the primary winding for the low audio-frequency signals will therefore 
be very loW compared to the high plate resistance of the tube. The 
voltage gain for these frequencies are thus reduced considerably. 

From the above discussion it can be seen that the frequency response 
of the transformer must be considered in addition to its turns ratio. 
The maximum voltage amplification of a transformer-coupled audio 
amplifier cannot be obtained unless the transformer that is used is well 
designed. To obtain high fidelity, the design and constructional com 
siderations limit the turns ratio to approximately 3 to 1. At present, 
this ratio is the one most commonly used. 

Example 8-24. A transformer-coupled audio amplifier circuit similar to that 
shown in Fig. 8-13a uses a type 6L5-G tube operated so that its plate resistance is 
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10,000 ohms and its amplification factor is 17. The transformer has a turns ratio (rf 
2 to 1 and the impedance of the primary winding is 15,000 ohms at 50 cycles 
30,000 ohms at 100 cycles, (a) What is the voltage amplification at the intermediate 
frequency? (b) What is the voltage amplification at 50 cycles? (c) What is the 
voltage amplification at 100 cycles? 

Given: 
n - 2 
M * 17 

rp = 10,000 ohms 
Zp = 15,000 ohms @ 50 cycles 
Zp =« 30,000 ohms @ 100 cycles 


Find: 

(a) VAm 

(b) VA @ 50 cycles 

(c) VA © 100 cycles 


Solution: 


(a) 

(b) 

(c) 


VAat 

VA 50 


VAioo 


= MW « 17 X 2 * 34 


Zp 

= Mn w - v - ■ 

Zp + Tp 


o. 15,000 

\/l5,000» + 10,000* 

o. 30,000 

Vao.ooo* +10,000* 


= 28.3 
= 32.2 


Example 8-25. A transformer having a 3 to 1 turns ratio is substitutc^d for the 
transformer used in Example 8-24. The impedance of this transformer is 7500 ohms 
at 50 cycles and 15,000 ohms at 100 cycles, (a) What is the voltage amplification at 
the intermediate frequency? (6) What is the voltage amplification at 50 cycles? 
(c) What is the voltage amplification at 100 cycles? 


Given: 
n « 3 
M = 17 

Tp = 10,000 ohms 
Zp = 7500 ohms at 50 cycles 
Zp 15,000 ohms at 100 cycles 


Find: 

(а) \Am 

(б) VA,o 
(c) VAioo 


Solution: 


(a) VAm 
ih) VAw 

(c) VAioo 


MW = 17 X 3 = 51 

« SI 7500 ^ 

Zp +rp~ VtSOO* + 10,000* “ 

^ Zp ^ _ 15,000 _ 

Zp -t- Tp “ Vis,600* -f 10,000* 


30.6 
« 42.5 


Example 8-26. What is the db loss at 50 cycles and 100 cycles for (a) the amplifier 
circidt used in Example 8-24? (5) The amplifier circuit used in Example 8-25? 


Given: Find: 


( 0 ) VAif « 34 

( 0 ) Decibel loss @ 50 cycles 

VA,o « 28.3 

Decibel loss @ 100 cycles 

VAioo “ 32.2 

(6) Decibel loss @ 60 cycles 

(6) VAm - 61 

Decibel loss @ 100 cycles 

VAoo - 30.6 


VAioo - 42.5 
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Solution: 

(a) Loss 60 

Loss 100 


(6) Lossso 
Loss 100 




= 20 X 0.0797 = 1.59 db 
= 20 X 0.0236 = 0.472 db 
= 20 X 0.2219 « 4.43 db 
* 20 X 0.0792 = 1.58 db 


From the results obtained in Examples 8-24 and 8-25 it can be seen 
that increasing the turns ratio of the transformer increases the voltage 
amplification at the intermediate audio frequencies. However, if the 



Fig. 8-16.— Relative gain vs frequency characteristics for a transformer-coupled 
audio-frequency amplifier. Curve A is for a ciicuit using a high-grade transformer, curve 
B is for a circuit using a low-grade transformci. 

increase in turns ratio is obtained by decreasing the number of turns on 
the primary there will be very little change in amplification at the low 
audio frequencies. The results obtained in Example 8-26 for the ampli¬ 
fier circuit using the transformer having a 2 to 1 ratio indicates that the 
frequency response is fairly uniform as the changes in volume for the low 
audio frequencies are barely perceptible. On the other hand the fre¬ 
quency response for the amplifier circuit using the transformer having a 
3 to 1 ratio is not as good because the decrease in inductance has made 
appreciable changes in volume at the low audio frequencies. 

The curves shown in Fig. 8-16 illustrate how the voltage gain of a 
transformer-coupled audio-amplifier circuit varies with frequency. 
Curve A represents the voltage gain of the circuit when using a high- 
grade transformer and curve B shows the voltage gain of the same circuit 
when using a low-grade transformer. It can be observed that the 
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response is fairly uniform over a large portion of the audio-frequency 
range when a high-grade transformer is used. However, using a low- 
grade transformer causes the response to fall off at both the high and low 
audio frequencies. 

Advantages of Using a Transformer as a Covpling Element, Audio 
transformers are used as a coupling element whenever a greater voltage 
amplification is required than can be obtained from the tube alone. 
By using a well-designed transformer, the voltage amplification for the 
intermediate audio frequencies will be approximately equal to the product 
of the amplification factor of the tube and turns ratio. The frequency 
response can be made to be fairly uniform by using a transformer having 
a comparatively high value of inductance and limiting its distributed 
capacitance so that when combined with the transformer’s inductance it 
will produce resonance at a high audio frequency (see Fig. 8-16). 

Another advantage of this type of coupling is that the voltage drop 
across the transformer winding is negligible, thus making it possible to 
use a low voltage B power supply. Disadvantages are the large size and 
high cost of the transformers required to produce high fidelity. 

8-13. Multistage Audio-frequency Amplifier Circuits. Need for 
Multistage Amplifier Circuits, The final stage of a radio receiver, that is, 
the one that feeds the loudspeaker, is usually an a-f power amplifier stage. 
Power amplifiers (taken up in Chap. IX) require a higher signal input 
voltage than is ordinarily available directly from the detector stage and 
hence an a-f voltage amplifier stage is needed. This voltage amplifier 
stage is also referred to as the driving stage or as the driver as its purpose 
is to raise the signal voltage to an amount sufiicient to drive the final 
output stage. 

If the input signal voltage is very low in value, as may be the case in 
public-address systems, it may become necessary to provide one or more 
additional stages of voltage amplification. When a number of stages of 
amplification are connected in series they may also be referred to as being 
connected in cascade. 

Voltage Amplification of Multistage Amplifier Circuits, The overall 
voltage amplification of a multistage amplifier circuit is the ratio of the 
final output signal voltage to the input signal voltage at the first stage of 
the amplifier. In terms of the voltage amplification of each stage indi¬ 
vidually, the overall voltage amplification is equal to the product of the 
separate values, or 

VAr = VAi X VA 2 X VAa, • • • (8-33) 

When the gain of a multistage amplifier circuit is expressed in decibels, 
the overall gain of the circuit in terms of the gain of each stage indi- 
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vidually is equal to the sum of the separate values, or 

dbr = dbi + db2 “h dbs, • • • (8-34) 

For example, a three-stage amplifier circuit whose individual stages have 
voltage amplifications of 100, 50, and 10 respectively would have an 
overall amplification of 50,000. The gain in decibels of these three 
stages would be 40, 34, and 20 db respectively and the overall gain of the 
amplifier circuit would be 94 db. 

Need for Decoupling Circuits with Multistage Amplifiers, When a 
common power supply is used for the various stages of a multistage 
amplifier circuit, the power supply acts as a common impedance to the 
various stages. Under this condition, coupling will exist between the 
various stages and may cause an appreciable amount of feedback. This 
feedback will be either regenerative or degenerative depending upon the 
phase relation of the feedback voltage, ^v^hich to a large extent is governed 
by the number of stages employed. When an appreciable amount of 
feedback is present, especially at low frequencies, it may produce oscilla¬ 
tions at the low frequencies, causing a disturbance in the loudspeaker 
commonly referred to as motorboating. In order to obtain satisfactory 
operation of multistage amplifiers it may therefore become necessary to 
provide special circuits to decouple one stage from another. The meth¬ 
ods of decoupling and the characteristics of these decoupling circuits are 
presented in Art. 8-18. 

8-14. Feedback Amplifiers. Positive and Negative Feedback. In the 
study of the regenerative detector circuit (Art. 5-8) it was shown that 
regeneration occurs when part of the energy of the output circuit is 
returned to the input circuit in such a manner that the energy returned 
increases the strength of the input signal. This principle is applied to an 
amplifier circuit by returning to its input circuit a voltage that has been 
obtained from its output circuit; this type of circuit is called a feedback 
amplifier. When the voltage returned to the input circuit is in phase 
with the signal voltage it will increase the strength of the signal input of 
the amplifier and the feedback is referred to as positive feedback or regen¬ 
eration. When the voltage returned to the input circuit is 180 degrees 
out of phase with the signal voltage it will decrease the strength of the 
signal input of the amplifier and the feedback is referred to as negative 
feedback^ inverse feedback, or degeneration. 

Feedback amplifiers, as used in radio receivers, employ negative 
feedback. Although it seems undesirable to use an amplifier that does 
not produce the maximum possible gain for the circuit, the advantages of 
the negative feedback amplifier outweigh the disadvantage of reduced 
gain. Among the advantages are (p higher fidelity, (2) improved 
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stability, (3) less amplitude distortion, (4) less harmonic distortion, 
(5) less frequency distortion, (6) less phase distortion, (7) lower ratio of 
noise level. Furthermore, by use of high-mu tubes or by using an addi¬ 
tional stage of amplification it becomes possible to still obtain the desired 
gain for the amplifier circuit. 

Principles of Feedback Amplifiers. In the previous study of amplifiers, 
the voltage amplification of a single-stage amplifier circuit has been 
expressed as the ratio of the output signal voltage to the input signal 
voltage as indicated by Eq. (4-6). From this equation, the output volt¬ 
age eo for an input voltage Cg is therefore 

eo = VA f. (8-35) 

In the study of feedback amplifiers, it is necessary to consider the 
fact that in addition to the output voltage Co, the output will also include 
a certain amount of noise, hum, and other forms of distortion. The 
distortion due to noise, hum, etc., causes an additional signal to be set 
up in the output circuit, this additional signal being some definite per¬ 
centage of the output voltage (see Fig. 8-17a). The output of the ampli¬ 
fier circuit without feedback is then really equal to the siun of the output 
signal voltage and the distortion voltage, or 

€o D = Acg dcp (8-36) 

where Co = instantaneous value of the output signal without feedback, 
volts 

D = amount of distortion without feedback, volts 
A = voltage amplification of the circuit 
e, = instantaneous value of the input signal, volts 
d = distortion without feedback, expressed as a decimal 

Example 8-27. The input signal of an amplifier circuit having a voltage amplifica¬ 
tion of 80 is one volt, and the distortion due to noise and hum is 5 per cent. What are 
the values of the output signal and the noise and hum distortion voltages? 

Given: Find: 

A » 80 eo « ? 

e, « 1 volt dco ** ? 

d » 0.06 

Solution: 

$0 ** Ae, * 80 X 1 * 80 volts 
dec « 0.05 X 80 = 4 volts 

The principle of feedback amplifiers is illustrated in Fig. 8-176. In 
this type of amplifier, a portion of the output voltage is returned to the 
input circuit either in phase with the input voltage for positive feedback, 
or 180 degrees out of phase with the input voltage for negative feedback. 
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'fhe amount of voltage that is fed back is generally expressed as a per¬ 
centage of the output voltage. The decimal equivalent of this percentage 
is denoted by the Greek letter For positive feedback jS is positive and 
for negative feedback it is a negative value. From the relation of the 



(b) 

I'lQ. 8-17.—Block diagrams illustrating the principles of feedback, (a) Amplifier circuit 
without leodbuck, (6) amplifier circuit with feedback. 

output and input signals as expressed in Eq. (8-3(5), the output of the 
feedback amplifier illustrated in Fig. 8-176 can be expressed as 

ej H- D' = A{e, -f -f D')] -f da,' (8-37) 

where cj = instantaneous value of the output signal with feedback, volts 
D' = amount of distortion with feedback, volts 
/8 = per cent of output voltage being fed back, decimal equivalent 
Note: Terms marked ' indicate values when feedback has been 


considered. 

Expanding and regrouping the terms of Eq. (8-37), then 

Ae. + dej = ej A-D' - A&eJ - A^D' (8-37a) 

and Ae, -|- de/ = e„'(l - A^) -|- D'il - A^) (8-376) 

From Eq. (8-376) it can be seen that 

Ae, = a,'(l - A^) (8-38) 

and dej = D'(l - A^) (8-39) 

By rearranging the terms of Eq. (8-38) the output voltage can now be 
expressed as 

(8-40) 
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Also, by rearranging the terms of Eq. (8-39) the distortion voltage can be 
expressed as 


D' = 


1 - Afi 


(8-41) 


Principles of Negative Feedback Amplifiers, From Eq. (8-40) it can 
be seen that when negative feedback is used, that is, when jS is negative, 
the output voltage of the amplifier will be reduced by a factor whose 
value is equal to 1 divided by (1 + A^), From Eq. (8-41) it can be seen 
that the distortion component of the output voltage is decreased by the 
same factor. By increasing the input signal voltage it is possible to 
restore the output voltage to its original value. Increasing the input 
signal will, however, also increase the distortion, but the distortion voltage 
will still be less than it was without negative feedback since it is always a 
definite percentage of the output voltage. 

The quantity Ap is generally referred to as the feedback factor. This 
factor represents the ratio of the feedback voltage c/ to the input voltage 
at the amplifier, which is e, — Cf with negative feedback. This may be 
expressed mathematically as 

A0 = —^ (8-42) 

es — €/ 


By rearranging the terms of this equation, it may be seen that 


_ 1 4~ Ap 
es Afi 


(8-42o) 


This indicates, for example, that if the feedback factor Ap has a value 
of 10, the feedback voltage c/ will then be 10 volts for each 11 volts of 
input signal 6,. This may be further interpreted as indicating that, for 
a circuit with a feedback factor of 10, it will require an input signal of 11 
volts in order to produce the same output voltage as would be obtained 
from a 1-volt signal if the amplifier were used without feedback. 

Example 8-28. A negative feedback circuit is added to the amplifier circuit of 
Example 8-27. The proportion of the output voltage that is returned by feedback is 
0.01. What are the values of the output signal voltage and the distortion voltage? 


Solution: 


Given: 

Find: 

A « 80 

eo 

e, ■* 1 volt 

D' 

d » 0.06 


jS * -0.01 



80 




'1 - A/3 

. d 
^ I - A& 


1 ~ 80(~0.01) 
0.05 


44.44 volts 


44.44 


1 - 80(--0.01) 


1.23 volts 
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Example 8-29. The results of Example 8-28 show that the addition of a feedback 
circuit to the amplifier of Example 8-27 has caused a reduction in the value of the 
output signal, (a) To what value must the input signal of the amplifier of Example 
8-28 be raised in order to obtain the same amount of output signal voltage as was 
obtained without feedback as in Example 8-27? (Jb) Using the value of input signal 
obtained in part (a), what is the value of the distortion voltage? 

Given : 

Bo = 80 volts 
ej = 44.44 volts 
c, “ 1 volt 
A = 80 
d - 0.05 
/3 « - 0.01 

Solution: 

(o) e.' “ - 1 X = 1.80 volts 

X . = 2.22 volts 

From the values of output voltage and distortion voltage obtained in 
Examples 8-27 and 8-29 it can be seen that, although the same output 
voltage is obtained with negative feedback as without it, the distortion 
voltage with feedback is reduced to approximately 50 per cent of its 
former value. In a similar manner, the noise and hum voltages will also 
be reduced to about 50 per cent of their former values. 

Ky increasing the value of the feedback factor, the proportion of the 
output voltage that is fed back is increased, thus further decreasing the 
magnitude of the distortion voltage. It is therefore possible to reduce 
the magnitude of the distortion voltage to a negligible value by controlling 
the amount of feedback voltage. As the overall voltage amplification 
of the circuit is also reduced by an increase in the amount of feedback 
voltage, it is necessary to compensate for the loss in overall voltage 
amplification if it falls below the value required of the amplifier. 

8-16. Advantages and Limitations of Feedback Amplifiers. Non- 
linear Distortion and Phase Distortion, Nonlinear distortion is caused by 
operating an amplifier tube over a nonlinear portion of its characteristic 
curve. Phase distortion will occur owing to the introduction of phase 
shift caused when the input and output voltages of an amplifier are not 
exactly 180 degrees out of phase with each other. The output of an 
amplifier having nonlinear distortion, phase distortion, or both can be 
considered as consisting of the amplified input signal voltage plus an 
added new signal voltage. These two types of distortion also will be 
•educed by negative feedback; this is accomplished in the same manner 
as that already explained for the case of noise and hum. 


Find: 
ej = ? 
D' = ? 
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Frequency Distortion. Frequency distortion occurs when the gain of 
an amplifier varies with changes of frequency of the signal applied to its 
grid circuit. Because is generally independent of the frequency, the 
variation in the gain of an amplifier due to changes in frequency will be 
reduced when negative feedback is used. The relative effect of the fre- 



Frequency, cycles per second 


Fig. 8-18.—Variation of voltage gain with frequency. Curve A for an amplifier with¬ 
out feedback, curve B for a similar amplifier with negative feedback, curve C for an 
amplifier with balanced feedback. 

quency upon the gain of an amplifier with and without feedback is shown 
in Fig. 8-18. By increasing the value of jS, the gain of an amplifier can 
be made to be fairly uniform over a wide frequency range. Because of 
this feature, negative feedback amplifiers are used in video-amplifier 
circuits where a low-gain wide-band amplifier circuit is required. 

Example 8-30. The voltage amplification of a certain amplifier is 100 for a 400- 
cycle signal and is only 10 for a 50-cyclc signal, (a) What is the change in output 
volume, expressed in decibels? (b) If a negative feedback circuit designed to feed 
back 4 per cent of the output signal is added, what is the change in volume, expressed 
in decibels, under this condition? 


Given: 

A 400 “ 100 
Aso “ 10 
« -0.04 


Find: 

(o) Decibel loss @ 50 cycles = ? 
(6) Decibel loss @ 60 cycles « ? 


Solution: 

(o) Loss at 60 cycles = 20 log - 20 log ^ - 20 X 1 - 20 db. 

(6) e.’ @ 400 cycles - e. jA— . ^ ” ^Oe. 

A 10 

@ 60 cycles - e. - e. ^ _ ,o(-o i o i) “ 

Loss at 80 cycles - 20 log ^ - 20 log ^ - 20 X 0.4473 = 8.94 db. 

iino 7.14 
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Stability of Negative Feedback Amplifiers, The gain of an amplifier 
circuit may vary with (1) the particular tube used (even though of the 
same type), (2) the operating voltages, (3) the load impedance. A 
change in one or more of these variables may cause a change in the gain of 
the amplifier, thus affecting its stability. The stability of an amplifier 
can be improved by using negative feedback. The manner in which 
negative feedback affects the stability of an amplifier can be shown 
mathematically by rearranging the terms of Eq. (8-40) to express the 
voltage amplification of the circuit with feedback. 


e ' 

VA' = ^ = 

c. 

A 

(8-43) 






(8-43a) 


When the feedback factor Afi is much greater than 1, the gain of a nega¬ 
tive feedback amplifier will then be approximately equal to 

VA' ^ 1 (8-44) 

From Eqs. (8-43) and (8-43a), it can be seen that when the feedback 
factor Ap is much greater than 1, the voltage amplification of the circuit 
is dependent on the percentage of the output voltage returned, 0, rather 
than on the voltage amplification of the amplifier. The value of is 
generally dependent upon a resistance network whose component values 
are independent of the frequency, the electrode voltages applied to the 
amplifier tube, and the tubers operating characteristics. The stability 
of negative feedback amplifiers can therefore be made to be comparatively 
high by adjusting the percentage of feedback to produce a high feedback 
factor. 


ExampU 8-31. An amplifier circuit having a voltage amplification of 100 employs 
a negative feedback circuit whose feedback factor is —19. (a) What is the overall 

voltage amplification of the circuit as determined by use of Eq. (8-43)? (6) What 

is the approximate overall voltage amplification of the circuit as determined by use of 
Eq. (8-44)? 

Given: Find: 

Ag « -19 (a) VA » ? 

A « 10 (6) VA ^ ? 

Solution: 


(a) VA - 


A 100 100 

1 - A/3 " 1 - (-19) “ 20 


15.26 


- ^ -ia - 


5 
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Limitations of Feedback Amplifiers, Any increase in the feedback 
factor to a value much greater than 1 will cause an increase in the propor¬ 
tion of the output voltage that is returned. The overall voltage amplifi¬ 
cation of the circuit will then be low compared to the voltage amplification 
of the same amplifier without feedback. In order to produce the same 
amplification as was obtained without feedback, it then becomes neces¬ 
sary to increase the input voltage e, by an amount A/3 times the voltage 
of the input signal e^. This can be shown mathematically in the following 
manner. When the output with feedback, eo', is to be equal to the output 
without feedback, Co, then the input signal will have to be increased to a 
value e/. The voltage amplification of the circuit with feedback may 
then be expressed as 

VA' = ^ = ■% (8-45) 


(8-46) 


Substituting Eq. (8-43) for VA' in Eq. (8-46) 

/ _ _ ^o(l “ A^) 

_ _ 

1 - A/3 

£ 

Substituting ~ for A in the denominator of Eq. (8-46a) 
ej = = e,{l - A/8) 

€o 


(8-46a) 


(8-466) 


Thus, when /3 is negative, the input signal voltage must be increased by 
the factor (1 -f- A/8). This increased value of input signal voltage can 
be obtained by designing the preceding amplifier circuits to produce a 
higher voltage amplification or by using an additional amplifier stage. 
When the requirements of an amplifier are such that high fidelity is the 
paramoimt factor, any additional expense is warranted if the desired 
results are obtained. 

In the preceding explanations of the actions of negative feedback it 
has been assumed that the feedback voltage was exactly 180 degrees out 
of phase with the input signal. In practical amplifier circuits, however, 
this condition is not obtained. The amount of lead or lag, with respect 
to the desired 180 degrees phase relation, is dependent upon the reactances 
of the coupling units, the interelectrode capacitances of the tubes, and the 
frequency of the input signal. If the angle of lead or lag attains a value 
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of 180 degrees, the feedback becomes positive and the circuit becomes 
unstable. 

The phase shift caused by the reactances of the coupling units and the 
interelectrode capacitances cannot exceed 90 degrees for one amplifier 
stage. Even though the phase shifts of two stages is cumulative, it is 
unlikely that a 180-degree phase shift will be obtained in a two-stage 
amplifier. However, it is possible to obtain such a condition in a three- 
stage amplifier. Instability does not occur with positive feedback if the 
value of the feedback factor is kept less than 1. Limiting the feedback 
factor to such a low value will, however, limit the amount of feedback 
voltage that it is possible to return. The maximum amount of reduction 
of distortion, hum, and noise will therefore be decreased. It can thus be 
seen that negative feedback may readily be employed with one or two 
amplifier stages, but becomes rather difficult for three or more amplifier 
stages. 

8-16. Negative Feedback Amplifier Circuits. Negative feedback can 
be applied to a single-stage or multistage amplifier in a number of ways. 
Basically, however, all the circuits that are used can be divided into three 
general classes: (1) voltage feedback circuits, that is, circuits that derive 
the feedback voltage directly from the output voltage of the amplifier; 
(2) current feedback circuits, that is, circuits that derive the feedback 
voltage from a voltage drop produced by the output current flow¬ 
ing through a resistor; (3) a combination of both voltage and current 
feedback. 

Principle of Voltage’-controlled Feedback, When the feedback circuit 
is connected so that the voltage returned to the input circuit is propor¬ 
tional to the voltage across the output load, the feedback circuit is said 
to be voltage controlled. A simple amplifier circuit using voltage-controlled 
feedback is illustrated in Fig. 8-19. The feedback voltage of this circuit 
is applied to the input of the amplifier between the cathode and the input 
voltage 6,'. The portion c/ of the output voltage c*,' that is added to the 
input circuit is controlled by the voltage dividing resistors, Rf and 
and the capacitor C 2 . The portion or fraction of the output voltage 
being fed back may be expressed mathematically as 


V{Rf + RiV + 


(8-47) 


As the reactance of the capacitor Ct is generally very low compared to 
(Rf + Rt), the effect of the capacitor may be ignored; then 

S cn _ ?lL _ 

’^ — Rj + Ri 


(8-47o) 
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The capacitor Cj, connected in series with the resistors R/ and R 2 as shown 
in Fig. 8-19, is used as a blocking capacitor to prevent the high plate 
voltage from being applied to the input circuit. The polarity (and phase 
relation) of the feedback voltage c/ with respect to the input signal voltage 
e,' can be determined by either of two methods of analysis: (1) by studying 
the a-c signal effect, (2) by observing the direction of electron flow in the 
circuit. In studying the a-c effect, it is most convenient to assume the 
conditions for one-half cycle of the input voltage, for example, the positive 
half cycle of the input signal voltage as indicated on Fig. 8-19. This 



positive signal, upon being applied to the grid of the tube, causes an 
increase in the plate current. The increase in plate current causes an 
increase in the voltage drop at R 3 , and as is constant, the voltage at 
the plate of the tube must decrease, as is indicated by the negative signal 
on the diagram. This negative signal will be transmitted through C 2 
and Ri to point A of the resistor R/. The feedback voltage c/, being equal 
to the voltage drop across the resistor R/, will therefore be equivalent to 
adding a voltage source in series with the grid circuit. Furthermore, as 
the negative terminal A (that is, negative for the condition assumed 
above) is connected to the grid side of the grid-cathode circuit, the voltage 
e/ will be opposite in polarity to the input signal e/ and hence the feedback 
is said to be negative. If the reactance of the capacitor C 2 is small 
compared to the combined resistance of R 2 and Rf, the voltage e/ will be 
practically 180 degrees out of phase with the input signal voltage e,'. 
In determining the polarity of the feedback voltage by observing the 
electron flow, the method of analysis is similar to the a-c signal analysis 
in most of the details. For example, it will again be convenient to con¬ 
sider the conditions fox a half cycle of the input signal e/. Using the 
positive half cycle, it can again be seen that a positive signal at the grid 
of the tube will produce a negative signal at the plate. Point B and 
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consequently point H (Fig. 8-19) will however always be positive as they 
are connected to the positive terminal of via Rz. The negative 
signal at the plate then merely means that plate H of capacitor C 2 will 
become less positive and hence C 2 must discharge some of its voltage. 
The path of electrons under this condition will be from J through JB 2 , 
Cl (because the reactance of Ci is small compared to JSi), cathode to 
plate B to H. As electrons travel from nega¬ 
tive to positive, point A of the resistor Rf will 
be negative. By the same reasoning as before, 
it can be seen that the feedback is negative. 

In the case of a negative signal at e,', the signal 
at B will be positive and the capacitor C 2 will 
take on a higher voltage charge. The electron 
path will be from H B K, through fis, /?/, 

R 2 to J. The polarity at point A will now be 
positive thus maintaining the condition of neg¬ 
ative feedback. 

Principle of Current-Controlled Feedback. When the feedback circuit 
is connected so that the voltage returned to the input circuit is propor¬ 
tional to the current flowing through the output load, the feedback 
circuit is said to be current controlled. A simple amplifier circuit using 
current-controlled feedback is illustrated in Fig. 8-20. In this circuit, 
the feedback voltage is obtained by connecting the cathode by-pass 
capacitor Ci so that it shunts only part of the cathode bias resistor or 
by eliminating the by-pass capacitor Ci entirely. The a-f output current 
will then flow through the feedback resistor Rf, causing the grid bias to 
vary with the changes in plate current. When the input signal ef is 
positive, the plate current, and consequently the current in Rf, will 
increase. The voltage drop across Rf will increase and make point A 
more positive. This makes the cathode more positive with respect to 
ground, which is equivalent to making the grid more negative. Thus 
a positive signal on the grid produces the condition necessary for 
negative feedback. When the input signal is negative, the plate current 
will decrease and consequently the voltage drop at Rf will decrease. 
The cathode therefore becomes less positive, which is equivalent to mak¬ 
ing the grid less negative (or more positive) and hence fulfills the require¬ 
ment for negative feedback. 

Principle of Feedback for Multistage Amplifiers. Feedback circuits 
for more than one amplifier stage become quite complex. An example 
of a two-stage negative feedback amplifier is illustrated in Fig. 8-21. 
Examination of this circuit will show that both voltage-controlled and 
current-controlled feedback are present. However, by the choice of 



Fig. 8-20.— A current- 
controlled negative feedback 
circuit. 
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values for i2i, i? 2 , and Rf the voltage-controlled feedback is made the 
predominant source of feedback voltage and hence the circuit is commonly 
referred to as voltage-controlled feedback. The polarity of the feedback 
voltage at Rf can readily be checked by tracing the a-c signal (for one-half 
cycle). Thus, a positive signal at the grid of tube 1 will cause a negative 
signal at the plate, of tube 1. This negative signal is applied to the grid 



Fig. 8-21.—A two-stage amplifier circuit illustrating the application of a voltage-controlled 

feedback circuit. 

^2 



Fig. 8-22.—Negative feedback amplifier circuit with feedback voltage taken from the 
secondary of the output transformer, 

of tube 2 via the capacitor Cb. The negative signal at the grid of tube 2 
causes a positive signal at the plate of tube 2. This positive ai gnal at 
the plate of tube 2 is transmitted to point A via Cj and R^. This positive 
signal at point A raises the cathode potential, which is equivalent to 
applying a negative signal to the grid, hence satisfying the requirement 
of negative feedback. 

Another method of obtaining negative feedback for an amplifier 
circuit is illustrated in Fig. 8-22. In this circuit the feedback voltage is 
taken from the secondary side of the output transformer. The resistors 
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Rf and R 2 form the voltage-divider network that controls the amount of 
feedback. The correct connection for the leads A and B is generally 
determined experimentally, that is, by first connecting them in one man¬ 
ner and then reversing them. One connection will produce degeneration 
and the other regeneration; the resulting output at the loudspeaker 
should indicate the correct connection. 

Example 8-32. The resistors of the voltage-divider network of a voltage-con- 
trolled feedback amplifier circuit similar to that of Fig. 8-19 are Hr ~ 5000 ohms, 
Ri = 50,000 ohms. Wliat is the approximate value of j8? 


Solution: 


Given: 

Rf s= 5000 ohms 
R 2 50,000 ohms 


Find: 
jS ^ ? 


Rf-\-R2 6000 -i- 50,000 


« 0.0900 


8-17. Balanced Feedback Amplifier. In the study of the resistance- 
capacitance-coupled amplifier, it was shown that the voltage amplification 
of the amplifier tends to decrease at the very low and very high audio fre- 
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Fig. 8-23.—Relative gain vs frequency characteristics of a two-stage resistance-capaci- 
tance-coupled a-f amplifier with various amounts of feedback. Curve A, amplifier without 
feedback. Curve R, A& equal to —2 at mid-frequency. Curve C, equal to —10 at 
mid-frequency. Curve D, A^ equal to —60 at mid-frequency. 

quencies. The loss in amplification at the low frequencies is due to the 
high reactance of the blocking (or coupling) capacitor Cj, at the low fre¬ 
quencies, which reduces the voltage available at the output of the 
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amplifier. The loss in amplification at the higher frequencies is due to 
the low reactance of the shunting capacitance at these frequencies. This 
shunting capacitance, consisting of the interelectrode capacitance of the 
tubes and the stray capacitance of the wiring, etc., provides undesired 
paths for a large portion of the high-frequency signal currents. In addi¬ 
tion to the reduction in the voltage amplification at the extreme fre¬ 
quencies, there will also be a large phase shift introduced at the low and 
high frequencies. 

If the feedback factor Afi is large and the phase shift approaches 180 
degrees, positive feedback will occur and the frequency response charac¬ 
teristics will be affected as is illustrated in Fig. 8-23. From these 
representative curves it can be seen that while an increase in the amount 



Fiq. 8-24.—A feedback amplifier with equalizing filter networks for neutralizing the 

amplification peaks. 

of feedback makes the voltage gain practically constant over a wider 
range of frequencies, it also produces peaks of voltage gain at the lower 
and upper ends of the frequency range. When the effects of these peaks 
of amplification are great enough to warrant special consideration, two 
methods of correction are available. 

One method of reducing the effect of the peaks is by means of filter 
circuits as shown in Fig. 8-24. The BC filter network at the input side 
will neutralize the peaks that occur at the low frequency and the LR net¬ 
work at the output side will neutralize the high-frequency peaks. This 
method, referred to as an equalized circuit, is useful only when the peaks 
are not too large. 

A second method of reducing the effects of the peaks is by providing 
the amplifier with both positive and negative feedback. An amplifier of 
this type, called a balanced feedback amplifier, is shown in Fig. 8-25. By 
means of this type of circuit, a more nearly constant response is obtained 
for a multistage amplifier. This is achieved by designing the first portion 
of the amplifier to provide practically uniform response to all frequencies 
and then applying both positive and negative feedback voltages. The 
feedback voltages are generally of such proportions that the amount of 
positive feedback at the mid-frequency will cancel the negative feedback. 
At frequencies above and below this point, the amounts of positive and 
negative feedback will vary in such a manner that will tend to neutralize 
any variations from the optimum response of the first portion of the ampli- 
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fier and thus provide practically uniform response over a wider range of 
frequency. 

An advantage of the balanced feedback amplifier is that it provides 
practically uniform amplification over a wider range of frequency than 
an amplifier employing only negative feedback. A higher overall voltage 
gain is also obtained with the balanced feedback amplifier as is illustrated 
in Fig. 8-18. 


PosiHve feedback 



PosiHve feedback 



Fiq. 8-26.—Several methods of obtaining balanced feedback. 

8-18. Decoupling Circuits. Need for Decoupling Circuits, In the 
preceding article the discussion concerned circuits employing controlled 
feedback. However, it is possible that uncontrolled feedback, and there¬ 
fore undesired feedback, may also be present in multistage amplifier 
circuits. 

Coupling may exist between circuits operating at the same frequency 
and having a common impedance. In modem receivers, it is common 
practice to supply the plate voltage for all the tubes from a single source 
of d-c power. This power supply then acts as a common impedance for 
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all the amplifier circuits. The coupling existing between these circuits 
may be either regenerative or degenerative, depending upon the phase 
relationship. In a two-stage amplifier circuit the plate currents are 180 
degrees out of phase with each other and the coupling between these 
circuits is degenerative and therefore negative feedback will occur. The 
plate currents of the first and third stages of a three-stage amplifier are 
in phase with each other and the coupling between these circuits is regen¬ 
erative and therefore positive feedback will occur. If this undesired 
feedback is sufficient to produce any appreciable effects upon the opera¬ 
tion of the receiver it becomes necessary to decouple each stage of the 
amplifier from the other stages. 

Decoupling Circuits. The manner in which decoupling is accomplished 
is illustrated by the simple decoupling network formed by the capacitor 
Cd and the resistor Rd (Fig. 8-26). The value of the decoupling capacitor 
must be high enough so that its reactance at the lowest audio frequency 
is considerably less than the total resistance of the decoupling resistor 
Rd and the internal resistance of the power supply /2 b. The factor by 
which the undesired coupling through the common power supply is 
reduced is then approximately 


Kd 


Xd 


Rd “f* Rb 


(8-48) 


where Kd = decoupling factor (approximate value when Xd is much less 
than Rd + Rb) 

Xd = reactance of the decoupling capacitor, ohms 
Rd = resistance of the decoupling resistor, ohms 
Rb = internal resistance of the power supply, ohms 
The internal resistance of the power supply is generally very low in com¬ 
parison to the value of the decoupling resistor and therefore for all 
practical purposes can be ignored. Equation (8-48) may then be 
expressed as 

(8-48a) 

— %rfCvRl> (8-486) 

From Eq. (8-48b), it can be seen that the decoupling factor can be 
made smaller by increasing the value of either the decoupling resistor or 
the decoupling capacitor. Increasing the value of the decoupling resistor 
will increase the voltage drop at this resistor and thereby decrease the 
voltage at the plate of the tube. In order to maintain the plate voltage 
at the required value, it becomes necessary to increase the voltage of the 
power supply to compensate for the drop in voltage at the decoupling 
resistor. 
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In a resistance-capacitance-coupled audio amplifier circuit the value 
of the decoupling resistor is generally about one-fifth the value of the 
plate coupling resistor Rc (Fig. 8-2(>). The value of the decoupling capa¬ 
citor varies from about 0.25 m/ to 
8 m/- (For r-f and i-f circuits the 
value of the decoupling capacitor 
is approximately 0.01 ju/ and 0.1 fxj 
respectively.) 

In some amplifier circuits the 
amount of resistance required to 
obtain sufficient decoupling causes 
the voltage drop across the decou¬ 
pling resistor to become quite high. 

In such circuits, a choke coil may 
be substituted for the decoupling resistor /?/>. In radio receivers this 
choke coil may be either a separate smoothing choke or the field coil of the 
loudspeaker. However, unless the increase in voltage drop at the resistor 
becomes too high, resistors are generally used, as they are less expensive 
and require less space than a separate choke. 



circuit. 





Fig. 8-27.—Application of plate decoupling circuits to a three-stage amplifier. 


A three-stage audio amplifier using decoupling networks is shown in 
Fig. 8-27. The overall decoupling of a multistage amplifier is equal to 
the product of the decoupling factors of each of the networks used. 
Hence, the overall decoupling factor of a three-stage amplifier using two 
decoupling networks, similar to Fig. 8-27, becomes 


KbT = KdiKd2 

(8-49) 

TT ^ Xj)tXD2 

A.DT —- p p 

iti>lXVD2 

(8-49o) 

*r 10^* 

- (2rf)^Ci>iCn2RDiRDt 

(8-496) 
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Example 8-33. A l-^tf capacitor and a 50,000-ohm resistor are connected to form 
a decoupling network. What is the approximate value of the decoupling factor for a 
100 -cycle a-f signal? 

Given; Find: 

Cd^ Ini 
Rd * 50^000 ohms 
/ » 100 cycles 

Solution; 

10 * 10 * 

^ 2irfCi>RD 6.28 X 100 X 1 X 50,000 ® 

Example 8-34. Two identical decoupling networks arc connected in a three-stage 
amplifier similar to the circuit shown in Fig. 8-27. The values of the resistors and 
capacitors arc the same as those used in Example 8-33. What is the value of the 
overall decoupling factor for a 100-cycle a-f signal? 

Given: Find: 

Cdi — Cd2 = 1 /*f Kdt “ ? 

Rdi = Rd 2 ~ 50,000 ohms 
/ « 100 cycles 

Kdi *= Kd 2 = 0.0318 (from Example 8-33) 


Solution: 

Kdt « KdiKd2 « 0.0318 X 0.0318 « 0.001 

From the results obtained in Examples 8-33 and 8-34 it can be seen 
that a greater amount of overall decoupling is obtained with a two-stage 
decoupling circuit than with a single decoupling section. 
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QUESTIONS 

1* What is the purpose of an audio amplifier? 

2. What audio-frequency range is generally considered acceptable in low-cost 
radio receivers? What audio-frequency range is desirable for high-fidelity reception? 
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8 . What effect does attenuation of the lower frequencies have upon the reproduc¬ 
tion of speech sounds? What effect does attenuation of the higher frequencies 
produce? 

4. Is the same amount of energy required to produce sound waves at all audible 
frequencies? Explain. How does this affect the design of an audio amplifier? 

6 . In what manner does the human ear respond to sounds of various levels of 
energy? What unit is used to express such variations? 

6 . Define a common logarithm. How is the characteristic of a logarithm deter¬ 
mined? How is its mantissa determined? What is an antilog? 

7. Define the unit called the beL Define the decibel. Explain the advantages 
of its use. 

8 . Elxplain how the decibel may be used to express ratios of voltage and current 
as well as power. 

9. Why is the decibel only a relative unit of power measurement? What amount 
of power is generally used as the zero reference level in connection with radio receiver 
measurements? 

10. Name three methods of coupling used with audio amplifiers. What precau¬ 
tion must be taken with regards to the plate and grid voltages? 

11. Explain the basic action of the resistance-capacitance method of coupling 
amplifiers. In Fig. 8-4, what is the function of the resistor Ef, the capacitor Cby and 
the resistor Rg? What is the function of resistor Ri and the capacitor Ci of Fig. 8-4? 

12. Why is it necessary to consider the charac.teristics of the resistance-capacitance- 
coupled amplifier at various frequencies? What representative values of frequency 
are commonly used to show the characteristics of an amplifier circuit? 

18. What is the advantage of drawing an equivalent electrical circuit for a resist- 
ance-capacitance-coupled amplifier stage? With the aid of circuit diagrams, explain 
the variation in the equivalent circuits at the intermediate, low, and high frequencies. 

yl4. What factors affect the choice of values for Re, Rg, and Cb? Give the approxi- 
nfate range of values for these circuit elements in practical resistance-capacitance- 
coupled amplifier circuits. 

16. Derive the equation for the voltage amplification of an Z^-C-coupled triode 
amplifier for the intermediate-frequency range. 

16. Derive the equation for the voltage amplification of an ii5-C-coupled pentode 
amplifier for the intermediate-frequency range. 

17. Derive the equation for the approximate voltage amplification of an R-C~ 
coupled triode amplifier for the low-frequency range. 

18. Derive the equation for the approximate voltage amplification of an E-C- 
coupled pentode amplifier for the low-frequency range. 

19. Derive the equation for the voltage amplification of an E-C-coupled triode 
amplifier for the high-frequency range. 

20. Derive the equation for the voltage amplification of an E-C-coupled pentode 
amplifier for the high-frequency range. 

21* Why is the maximum voltage amplification obtained at the intermediate 
frequency? 

22 . What is the cause of the attenuation or loss in amplification at the low fre¬ 
quencies? 

28. What is the cause of the attenuation or loss in amplification at the high 
frequencies? 

24. Is the attenuation the same for pentode amplifiers as for triode amplifiers at 
the low and the high frequencies? Explain. 
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,-^5. Upon what factors does the effective value of the shunting capacitance of an 
^C-coupled amplifier circuit depend? 

26 . What are the advantages of the i?-C-coupled amplifier that justify its exten¬ 
sive use? 

27 . What is the advantage of the impedance-coupled amplifier over the R-C- 
coupled amplifier? 

28 . How does the frequency response of the impedance-coupled amplifier compare 
with that of the /2-C-coupled amplifier? 

29 . How does the double-impedance-coupled amplifier compare with the i2-C- 
coupled amplifier? What are its advantages and disadvantages? 

80 . What is meant by parallel-plate-feed? What are its advantages and dis¬ 
advantages? 

81 . What factors affect the frequency response of impedance-coupled amplifiers? 

82 . Explain the difference in the connections for series feed and parallel feed as 
applied to a transformer-coupled amplifier circuit. 

88. Do transformer-coupled amplifier circuits generally use triodes or pentodes? 
Why? 

84 , What factors affect the frequency response of a transformer-coupled audio 
amplifier? What factors are generally omitted for obtaining the approximate 
characteristics? 

86. What is a simple expression for the approximate voltage gain at the mid-fre¬ 
quency range of a transformer-coupled audio amplifier? Why is this simple expression 
possible? 

86. What purpose, in addition to coupling, is served by the audio transformer? 
What ratios of primary to secondary turns are used? 

87 . Why is it important that the impedance of the primary winding match the 
plate resistance of the tube with which it is associated ? What are the constructional 
features of the transformer that make it possible to obtain sufficiently high impedance? 

88. Is it desirable to obtain a high turns ratio for a transformer by decreasing the 
number of turns on the primary winding? Why? 

89 . What are the advantages of transformer coupling? 

40 . Why is it necessary to use a multistage a-f amplifier in a radio receiver? 

41 . What is meant by a driving stage? 

42 . What is the relation of the overall voltage amplification of a multistage ampli¬ 
fier circuit to the voltage amplification of its individual stages? 

48 . What is the relation of the overall decibel gain of a multistage amplifier circuit 
to the gain of its individual stages? 

44 . Why are decoupling circuits required with some multistage amplifier circuits? 

46 . What is meant by motorboating? What is its cause in multistage amplifiers? 

46 . What is meant by feedback? What is positive feedback? What is negative 
feedback? 

47 . What is meant by a feedback amplifier? What are its advantages? , 

48 . What are some of the causes of distortion in the output of an amplifier? How 
is distortion reduced by negative feedback? 

49 . What is meant by the feedback factor? How may the value of the feedback 
factor be interpreted in terms of input signal required? 

60 . What is meant by nonlinear distortion and phase distortion? What are their 
causes? How may they be reduced? 

61 . What is frequency distortion? What is its cause? How is it reduced? 

62. Describe the effect of negative feedback upon the stability of an amplifier. 
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63 . What must be done with the input signal of a negative feedback amplifier if 
it is desired to obtain the same gain for the amplifier as without feedback? 

64 . What effect do the coupling units of a negative feedback amplifier have upon 
the phase relation of the feedback voltage? Is this effect more important in a single- 
stage, two-stage, or a three-stage amplifier? Why? 

66 . Describe three methods of applying negative feedback to an amplifier. 

66. Describe the function of the resistors R 2 and R/ and the capacitor C 2 of Fig. 
8-19. 

67 . What is the polarity of point A of Fig. 8-19 during the time that the input 
signal is going through its negative half cycle? Give proof for your answer. 

68. Explain how negative feedback is obtained in the circuit of Fig. 8-20 

69 . Which circuit elements of Fig. 8-21 form the feedback circuit? Determine the 
polarity of the feedback signal being fed to point A during the negative half cycle of 
the input signal; give proof for your answer. 

60 . Describe how the correct conned ion for negative feedback can be determined 
for the circuit of Fig. 8-22. 

61 . Describe two methods of correcting the response of a circuit that has pro¬ 
nounced peaks of amplification at the frequency extremes. 

62 . What is meant by a balanced feedback amplifier? What are its advantages? 

68 . How many feedback paths arc there in the circuit of Fig. 8-25? Identify the 

circuit elements of each feedback path. Determine the polarity of each feedback 
during the positive half cycle of the input signal; give proof. 

64 . What is meant by a decoupling circuit? Why are decoupling circuits neces¬ 
sary? 

66 . What determines the size of the decoupling capacitor? What range of values 
are commonly used? 

66 . What general proportion is sometimes used to determine the value of the 
decoupling resistor? Under what condition would it be advisable to substitute a 
choke coil for the decoupling resistor? 

PROBLEMS 

1 . Find the logarithms of the following numbers: (a) 180, (6) 2750, (c) 8.75, (d) 
12.5, (e) 5, if) 98.5, {g) 35,000, {h) 30.7, (i) 18.3, (j) 98,600. 

2 . Find the logarithms of the following numbers by interpolation and compare 
the answer with the logarithm of the nearest three-place number: (o) 18.75, (b) 2537, 
(c) 9.852, (d) 67,230, (e) 3768. 

8 . Find the antilog of the following common logarithms: (a) 2.4771, (b) 5.8779, 
(c) 0.7782, (d) 1.0294, (e) 2.3385, (/) 3.7007, (g) 0.9834, {h) 2.6082, (i) 3.3186, (j) 1.3469. 

4 . What decibel gain is obtained if a type 25L6 tube that delivers 4.3 watts of 
power is substituted in an amplifier circuit for a type 43 tube that delivers 2.2 watts of 
power? Assume that all of the changes necessary in the circuit* have been made. 

6 . A type 6K6 power amplifier tube when operated with 250 volts on its plate 
and screen grid, and with a grid bias of 18 volts can deliver 3.4 watts of power. If the 
plate and screen-grid voltages are reduced to 100 volts and the grid bias is reduced to 
7 volts, the same tube can deliver only 0.35 watt. What is the corresponding decibel 
loss in power? 

6 . The power amplifier pentode unit of a type 1D8-GT tube is rated at 0.035 
watt when its grid bias is 4.5 volts and with 45 volts applied to its plate and screen 
grid. The same tube is rated at 0.2 watt when its grid bias is 9 volts and 90 volts are 
applied to its plate and screen grid. What is the corresponding increase in decibels? 
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7. What is the decibel rating of a public-address system whose power output is 

(а) 8 watts? (b) 15 watts? (c) 30 watts? (d) 70 watts? (Use 6 mw as the reference 
level.) 

8. A booster amplifier capable of delivering 100 watts of undistorted power has 
an overall gain of 17 db. What amount of driving power is required to obtain this 
output? 

9. An amplifier has a signal current of 1 ma flowing through its 1000-ohm input 
resistance. The amplifier increases the signal strength so that a 100-volt signal 
appears across its 10,000-ohm output resistance. Find (a) the voltage gain in decibels, 

(б) the current gain in decibels, (c) the power gain in decibels, (d) the decibels output 
above 6 mw, (e) the rating of the amplifier in volume units. 

10. The following are the characteristics of a commercial type of public-address 
system: gain (microphone input) 114 db, frequency response 65-9000 cycles ±2db. 

(а) What is the overall voltage amplification of the amplifier at raid-frequency if it is 
assumed that the gain at mid-frequency is 114 db? (5) What is the overall voltage 
amplification at the extreme frequencies if the variation is ±2 db? 

11. A certain transformer-coupled a-f amplifier produces a voltage amplification 
of 50 at 1000 cycles, 45 at 100 cycles, and 25 at 10,000 cycles. Using the mid-fre¬ 
quency as the reference level, what is the decibel gain or loss at (a) the low frequency? 

(б) the high frequency? 

12. A certain resistance-capacitance-coupled a-f amplifier produces a voltage 
amplification of 50 at 1000 cycles, 48 at 100 cycles, and 32 at 10,000 cycles. Using the 
mid-frequency as the reference level, what is the decibel gain or loss at (o) the low fre¬ 
quency? (h) the high frequency? 

18. A typical stage of resistance-capacitance-coupled a-f amplification is shown in 
Fig. 8-28. The effects of the cathode-bias resistor and its by-pass capacitor are to be 



7} -/I = 6S, rp-62,000n, Cgp »/. CgkCpk 
Cgp^Ipt/Jif, Cpk-IS^pif 

Cfg, ^Sfray capadfance ofivinng, etc. 


Fig. 8-28. 

disregarded. What is the voltage amplification of the stage at (o) the intefmediate 
frequency of 1000 cycles? (5) the low frequency of 100 cycles? (c) the high fre¬ 
quency of 10,000 cycles? 

14 . What is the decibel variation at the low and high audio frequencies over the 
intermediate frequency of the amplifier of Prob. 13? 

16 . A portion of the a-f amplifier of a battery-operated receiver is shown in Fig. 
8-29. What is the voltage amplification of the stage at (a) the intermediate frequency 
of 1000 cycles? (5) the low frequency of 100 cycles? (c) the high frequency of 
10,000 cycles? 
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=6S, rp^ZWfiOOn, Cgp=I/inf, CghHIftfif, C^^SA/tftf 
Tz-fi =8.8. 700/1. Cgp=?A/mF. Cgk =2.2fi/tf.Cpk=l4Mfd‘ 

-Stray capacitance ofwirintj, etc. 

Fiq. 8-29. 

16. What is the decibel gain of the amplifier stage of Prob. 15 at the intermediate 
frequency? 

17. A portion of the a-f amplifier of an automobile receiver is shown in Fig. 8-30. 
What is the voltage amplification of the first stage at (a) the intermediate frequency 
of 1000 cycles? (h) the low frequency of 100 cycles? (e) the high frequency of 
10,000 cycles? 



^ 2 '9m “ 2SOOjumhos, rp-dQOOOn 

Fia. 8-30. 

18. What is the decibel variation at the low and high frequencies over the inter¬ 
mediate frequency of the amplifier stage in Prob. 17? 

19. The plate load of the type 6F6 tube in the amplifier of Fig. 8-30 has an imped¬ 
ance of 7000 ohms, (a) If the load impedance has unity power factor, what voltage 
amplification is produced by the second stage of the amplifier? (6) What is the 
approximate value of voltage amplification when calculated by means of Eq. (7-11)? 

20. (a) What is the overall voltage amplification of the amplifier of Fig. 8-30 at 
1000 cycles? (5) What is the overall decibel gain of this amplifier at 1000 cycles? 

21. A high-gain two-stage amplifier circuit is shown in Fig. 8-31. What is the 
voltage amplification of the first stage at (a) 1000 cycles? (b) 100 cycles? (c) 
10,000 cycles? (d) What is the voltage amplification of the second stage at the same 
three values of frequency? 
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Ti and T 2 =1225ju mhos, rp^lOOOftOOn, Cgp=O.OOS/uptf. Cgi^=7fifif, Cpjc'l2fiitaf 

Cu/ -Stray capacitance of m'r/ng, etc. -10/tA/if (ateach fade) 


Fig. 8-31. 

22 . What is the decibel variation at the low and high frequencies over the inter¬ 
mediate frequency of one stage of amplification in the amplifier of Prob. 21? 

23 . What is the overall voltage amplification of the two-stage amplifier of Prob. 21 
at (a) 1000 cycles? (6) 100 cycles? (c) 10,000 cycles? 

24 . What is the overall decibel gain of the two-stage amplifier of Prob. 21 at (a) 
1000 cycles? (b) 100 cycles? (c) 10,000 cycles? 

26 . The resistance and capacitance values given in Prob. 21 have been taken from. 
Appendix XVI. The values recommended for the other resistors and capacitors 
shown on Fig. 8-81 can also be obtained from Appendix XVI. What values are 
recommended for (a) Ri2 (6) -R 2 ? (c) -Ka? (d) /? 4 ? (e) Ci? (/) C 2 ? { 9 ) C 3 ? 

(h) C 4 ? 

26 . The voltage amplification of the amplifier in Prob. 21 can be increas(*d by 
increasing the value of the coupling resistor Re. (a) If Rc is increased to 250,000 ohms, 
what are the recommended values for Rg, Rij R 2 , Rt, /? 4 , Cby Ci, C 2 , Ca, and Ci. (6) 
What is the voltage amplification per stage at 1000,100, and 10,000 cycles? (c) What 
is the overall decibel gain of the amplifier at 1000, 100, and 10,000 cycles? 

27 . The amplifier of Prob. 26 has a loss of approximately 1.7 db at 100 cycles. 
At what frequency will its loss be approximately 2 db? 

Hint 1. Rearranging the terms of Eq. (8-1 Ic) will produce a satisfactory equation 
namely 

^ Kl 

Hint 2. For —2 db, Kl = 0.8 for a single stage amplifier. For a two-stage 
amplifier Kl ^ a/O^ = 0.895 per stage. 

28 . The amplifier of Prob. 26 has a loss of approximately 0.6 db at 10,000 cycles. 

At what frequency will its loss be approximately 2 db? * 

Hint 1. Rearranging the terms of Eq. (8-14a) will produce a satisfactory equation, 
namely 

. \/l — Kh* 

“ 2tKhR^Ct 

Hint 2. Same as Hint 2 for Prob. 27. 

29 . A single stage of a high-gain amplifier is shown in Fig. 8-32. (a) From 

Appendix XVI determine the recommended values for C*, Ri, Ci, R 2 , and C 2 . (6) 
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What is the voltage amplification produced by the stage at 1000, 100, and 10,000 
cycles? (c) What is the decibel gain at each of these frequencies? 


r,’6SJ7 T,~6SJ7 



Ti and = 1650/ll mhos,rp=l,000M0n^ Cgp ^0.005 

Cgk = 6/LL/Ltf, CpJc - 

Cw ^ Stray cai:>acifance of wtrinq, etc - iOjLt/Ltf 


Fig. 8-32. 

30. What is the frequency range of the amplifier stage of Prob. 29 if ±2 db varia¬ 
tion is permissible? 

31. A single stage of an impedance-coupled amplifier is shown in Fig. 8-33. The 
input tube is to be operated with 250 volts at its plate and with a grid bias of 8 volts. 
The total shunting capacitance of Vhe circuit is 350 mm/* Assume the core-loss effect 


Ck-^0,007S/uf 



Fig. 8-33. 


to be negligible, (a) What voltage is required of the B power supply? (b) What is 
the voltage amplification of the stage at 50, 1000, and 10,000 cycles? (c) What is 
the decibel variation over a frequency range of 50 to 10,000 cycles? 

32. A type ()J7 tube is substituted for the type 6J5 tube in the amplifier shown in 
Fig. 8-33. Assume that all necessary socket wiring changes are made; also that the 
screen grid is supplied with 100 volts and that the grid bias is reduced to 3 volts. 
Use 1 megohm as the value of the plate resistance, (a) What voltage is required of 
the B power supply? (6) What is the voltage amplification of the stage at 50, 1000, 
and 10,000 cycles? (c) What is the decibel variation over a frequency range of 50 
to 10,000 cycles? (d) Would this change be recommended and why? (c) Discuss 
the possibility of using the type 6J7 tube in this circuit as a triode by connecting the 
screen and suppressor grids to the plate. 

33« The audio reactor used as the coupling element in an impedance-coupled a-f 
amplifier circuit similar to Fig. 8-9 has an inductance of 300 henries. Its resistance 
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is 6250 ohms and its maximum current capacity is 10 ma. (a) What is the voltage 
drop at the reactor when it is used with a type 6C5 tube with 8 ma of plate current 
flowing? (5) What voltage is required of the B power supply if it is desired to main¬ 
tain 250 volts at the plate of the tube? (r) What is the reactance of the choke to 
100, 1000, and 5000 cycles if its distributed capacitance is disregarded? (d) What is 
the reactance of the choke to 100, 1000, and 5000 cycles if its distributed capacitance 
is 50 iififl 

34 . The audio choke used as the coupling unit in an impedance-coupled a-f 
amplifier circuit similar to Fig. 8-9 has an inductance of 150 henries, a resistance of 3500 
ohms, and a current rating of 10 ma. (a) What is the voltage drop at the choke when 
it is used with a type 6P5 tube with 5 ma of plate current flowing? (5) What voltage 
is required of the B power supply if it is desired to maintain 250 volts at the plate of 
the tube? (c) What is the reactance of the choke to 100, 1000, and 5000 cycles if its 
distributed capacitance is disregarded? (d) What is the reactance of the choke to 
100, 1000, and 5000 cycles if its distributed capacitance is 20 mm/? 

86. The audio reactor used as the coupling coil of an impedance-coupled a-f 
amplifier circuit similar to Fig. 8-12 has an inductance of 320 henries. What value of 
blocking capacitor is required to make the tuned circuit resonant at (a) 100 cycles? 

(5) 1000 cycles? (c) 5000 cycles? 

36 . The audio reactor used as the coupling coil of an impedance-coupled a-f 
amplifier circuit similar to Fig. 8-12 has an inductance of 150 henries. What value of 
blocking capacitor is required to make the tuned circuit resonant at (a) 100 cycles? 

(6) 1000 cycles? (c) 5000 cycles? 

87 . A single stage of a transformer-coupled amplifier with its circuit constants is 

given in Fig. 8-34. (a) What voltage is required at the B power supply in order to 





Ti^Et^ZSO volts. Ec^-evoits^ Cpic=nju/uf 

Transformer-n-2.5^ Lp-40h. Lj~250h. Rp-60/i. 

Lp-0.1 h. Ls-0.625h, Cp=lOOfjLftif (at the primary)^ 

Cote ’toss effect to be considered as negligible. 

Cw * S^tay capacitance of wiring, etc. « lOppd'fat the primary) 

Fio. 8-34. 

provide 260 volts at the plate of the first tube? (6) What is the voltage amplification 
at 50, 1000, and 10,000 cycles? (c) At what frequency will the maximum voltage 
amplification occur? (d) What is the maximum voltage amplification? (e) What 
is the decibel variation at 50 cycles compared to 1000 cycles? (/) What is the decibel 
variation at 10,000 cycles compared to 1000 cycles? 

38 . A certain a-f amplifier is designed to produce an overall voltage amplification 
of 4500 with an input signal of 5 mv. The distortion in the amplifier is 5 per cent. 
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(a) What is the output voltage? (fe) What is the distortion in volts? (c) If a feed¬ 
back circuit with j3 = —0.01 is added, what is the value of the feedback factor? (d) 
What is the output voltage with feedback added ? (e) What is the distortion in volts 

with f<M3dback added? (f) With this feedback, what value of input signal will be 
required in order to restore the output to its original value? (g) What is the distor¬ 
tion in volts with feedback and the increased input signal as found in part /? 

89 . A certain a-f amplifier has a voltage amplification of 16 and an input signal of 
2.5 volts, (a) What is the output voltage? (b) If a feedback circuit with « —0.05 
is added, what is the value of the feedback factor? (c) What is the output voltage if 
no change is made in the input voltage? (d) What value of input signal will be 
required in order to restore the output voltage to its original value? 

40 . The voltage amplification of a certain amplifier circuit is 160 at a frequency of 
1000 cycles but drops to 20 at a frequency of 30 cycles, (o) What is the change in 
gain expressed in decibels? (6) If a feedback circuit with a value of /? = —0.10 is 
added, what is the decibel change in gain between 1000 cycles and 30 cycles? 

41 . The resistors of the voltage divider network of a feedback circuit similar to 

Fig. 8-19 are: 12/ = 10,000 ohms, and R^ = 90,000 ohms, (a) What is the approxi¬ 
mate value of /3? (b) If the voltage amplification of the circuit is 160 without feed¬ 

back, what is its amplification with feedback? (c) What is the approximate value of 
voltage amplification with feedback, using Eq. (8-44) ? 

42 . It is desired to add a feedback circuit, similar to Fig. 8-19, to an output tube 

being worked through a 7000-ohm load, (a) What minimum resistance should the 
feedback network have if the ratio of feedback circuit impedance to load impedance is 
to be approximately 20 to 1 ? (b) If a feedback factor of 3 is desired, what standard 

resistance values should the two resistors have? (Assume A =20.) (c) What 

standard size capacitor is recommended if (R/ + R 2 ) should be approximately 20 times 
the reactance of the capacitor at a minimum frequency of 50 cycles? 

48 . An a-f amplifier circuit using a 250,000-ohm resistor as its plate load also has a 
decoupling resistor of 30,000 ohms and a decoupling capacitor of 0.25 fif. (a) What is 
the decoupling factor to a 50-cycle signal? (b) What is the overall decoupling factor 
for two such stages? 



CHAPTER IX 


POWER AMPLIFIER CIRCUITS 

The prime purpose of voltage amplifier circuits, presented in the two 
previous chapters, is to produce a substantial increase in the output 
voltage for a given input voltage. The amphfied voltage is then applied 
to the input circuit of a power amplifier stage. Audio-frequency power 
amplifiers are used to furnish the power required to operate a loudspeaker. 
Radio-frequency power amplifiers are used to produce the power required 
at the antenna of a transmitter. 

9-1. Power Amplifier Circuits. Classifications, Power amplifier cir¬ 
cuits are used in both a-f and r-f circuits and are generally classified 
according to the frequency at which they are operated, namely, a-/ power 
amplifiers or r-/ power amplifiers. Whereas the tubes used in voltage 
amplifier circuits are generally operated as Class A, the tubes used in 
power amplifier circuits may be operated either as Class A, Class B, 
Class AB, or Class C. Each of the two classifications of power amplifiers 
can therefore be subdivided according to the manner in which the tube 
is operated. All classes of tube operation may be used in r-f and a-f 
power amplifier circuits; however, Class C is used primarily in r-f power 
amplifiers. 

Triodes, pentodes, and beam power tubes are used as power amplifiers. 
These tubes may be operated singly, in parallel, or in push-pull, depending 
upon the amount of power output required of the amplifier circuit. 
Although the principle of operation and the general construction of the 
vacuum tubes used as power amplifiers are similar to those used as voltage 
amplifiers, their operating characteristics are quite different. Voltage 
amplifier tubes are operated with a comparatively high val ue of 
in the plate circuit in order to obtain a high output voltage. In this type 
of amplifier, voltage gain is the paramount factor and the power output 
is comparatively small. Power amplifier tubes are operated with a lower 
value of plate-load impedance than voltage amplifier tubes because the 
plate resistance of these tubes is lower and also in order to obtain a larger 
power output. In this type of amplifier, power output is the paramount 
factor and the value of output voltage is not important. Tubes used as 
power amplifiers must therefore be capable of carrying more current than 
voltage amplifier tubes. 
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Effect of a Varying Input Signal on the Plate Voltage. The static 
characteristics of a tube are obtained by varying the voltage applied to 
one of the tube's electrodes while keeping all other electrode voltages 
constant. These characteristics are obtained without any impedance 
connected into the plate circuit of the tube, as any impedance in this 
circuit will cause the voltage at the plate of the tube to vary with the 
variations in plate current. This can be seen by reference to the ele¬ 
mentary amplifier circuit diagram shown in Fig. 9-la. With zero signal 
input, the voltage on the grid of the 
tube will be '^qual to the steady grid 
bias Ec. Ti.s plate current /b, be¬ 
ing dependent on the grid bias, will 
therefore also be steady. The volt¬ 
age Eh at the plate of the tube wil^ 
then be equal to the plate supply 
voltage Ehb minus the voltage drop 

or 


across the output resistor i2o, 
Eh == Ehb — IbPo 


(9-1) 



Fio. 9-1. —Elementary amplifier circuit, 
(a) With zero signal input, (6) with an a-c 
signal input. 


When an alternating signal volt¬ 
age eg is applied to the input circuit 
of the amplifier, the voltage on the 
grid of the tube will become more 
negative during the negative half 
cycles of the input signal and less 
negative during the positive half 
(jycles. This change in grid bias 
causes a variation in the plate cur¬ 
rent, represented by ip in Fig. 9-16, flowing through the output resistor 
Ro. It can be seen from Fig. 9-1 that any change in plate current will 
change the voltage drop at the output resistor, thus causing the voltage at 
the plate of the tube to vary. 

The variation in plate current of a voltage amplifier tube is usually 
very small, hence the change in plate voltage will also be small. It is 
thus possible, for all practical purposes, to obtain the operating charac¬ 
teristics of a voltage amplifier tube from its static characteristic curves. 
The variation in plate current of a power amplifier tube is comparatively 
high, thus causing the plate voltage variations to be high. A new set of 
curves that will approximate the performance of a tube under actual 
working conditions must therefore be used. This set of curves is called 
the dynamic characteristics and indicates the performance capabilities of 
a tube when it is operating with an input signal and with a load imp>edance 
connected into its plate circuit. 
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9-2. Dynamic Characteristics of a Vacuum Tube. Load Line of a 
Vacuum Tube. The dynamic characteristics of a tube can be obtained 
graphically from the tube’s static plate characteristic curves with the aid 
of a load line. The load line is drawn on the static characteristic curves 
and represents the variation of plate current with voltage for the type of 
load impedance .used. If the output load is resistive, the variation of 
plate current with voltage will be linear and the load line will therefore 
be a straight line. If the output load is inductive or capacitive, the 
variation of plate current with voltage will be nonlinear and the load line 
will be an ellipse (see Fig. 9-14). Resistive loads may be an actual non- 
inductive resistor as shown in Fig. 9-2 or may be the reflec od load from 
the secondary of an output transformer as shown in Fig. 9 -3. 



Fig. 9-2.—Amplifier circuit usinR a triodc. 



Fig. 9-3.—Triode power amplifier and the reflected load Ro\ 


Method of Plotting the Load Line for a Single Triode Class A Power 
Amplifier with a Resistive Load. The alternating plate current output of 
a Class A power amplifier should have approximately the same wave 
form as that of the alternating voltage impressed on the input circuit of 
the tube. In order to obtain this type of output, the dynamic transfer 
characteristic curves (Fig. 9-8) must be nearly a straight line for the com¬ 
plete range of the variable grid voltage. As the operating characteristics 
of a tube will vary with the resistance of the plate load and the voltage 
of the B power supply, the load line of a tube will therefore be dependent 
on both of these variables. The method of drawing the load line on the 
static plate characteristic curves can best be explained by the following 
example. 
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Example 9-1. A typo 6J5 tube is connected as shown in Fig. 9-2. Draw the load 
line for this tube when being operated with a resistive load of 40,000 ohms and a B 
supply of 200 volts. 

Given: Find: 

Tube = 6J5 Draw the load lino 

Em, = 200 volts 
Ro =* 40,000 ohms 

Solution: 

If the voltage drop across Ro should become equal to 200 volts, the voltage between 
the plate and cathode would he zero. The jdale current for this condition would 
then be 

ih.n^ = jlr= 40 000 “ ® ® 

This locates point A, Ch.^in ** 9 volts and h max * ^ static plate characteris¬ 

tic curves of Fig. 9-4. 

When the plate current is zero, the voltage drop across the output resistor Ro will 
be zero and the voltage between the plate and cathode will be equal to the B supply 

81 -1-1-1-^-r-- 1 


TYPE-5J5 
Ef* 6.3 volts 



Fiq. 9-4.—Method of plotting the load line and of obtaining the dynamic operating 

characteristics. 

voltage, or 200 volts. This locates point B, e6.roax 200 volts and i6.inii» ** 9 
the static plate characteristic curves of Fig, 9-4, 
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A straight line connecting points A and B will represent the load line of the typo 
6J5 tube for an output resistive load of 40,000 ohms and a B supply of 200 volts. 

The intersection of the load line and the curve for the grid bias to be 
used determines the quiescent or operating point Thus for a grid bias of 
6 volts, point Q (Fig. 9-4) will be the operating point. From this diagram, 

it can be seen that with zero sig¬ 
nal input a steady current Ih 
(equal to 1.625 ma) will flow in 
the plate circuit. This steady 
current of 1.625 ma flowing 
through the 40,000-ohm resist¬ 
ance produces a 65-volt drop 
across the output resistor Ro, 
thereby causing the voltage be¬ 
tween the plate and cathode to be 
reduced to 135 volts. 

Summarizing, a type 6J5 tube 
with zero signal input, having a 
resistive plate load of 40,000 ohms 
and operating with a 6-volt grid 
bias and a 200-volt B supply, 
would have 135 volts between the 
plate and cathode of the tube and 
a steady current of 1.625 ma would 
flow through the output load. 

Effect of Input Signal Voltage 
on e^,j Cby and 4. When an alter¬ 
nating signal voltage eg (Fig. 9-2) 
is applied to the input circuit of 
the tube, the grid bias will become 
less negative during the positive 
half cvcles and more negative dur¬ 
ing the negative half cycles. Re¬ 
ferring to Fig. 9-4, it can be seen 
that with a grid bias of 6 volts, an alternating input signal of 2 volts will 
vary the voltage, Se, on the grid of the tube from —4 to —8 volts. This 
variation in grid voltage causes the plate current it to vary between 1 ma 
and 2.25 ma. The output voltage 6p will then vary between — 25 and -1- 25 
volts causing the voltage at the plate e& to vary between 110 and 160 volts. 

It can thus be seen that when the voltage on the grid is increased— 
that is, made less negative—the current in the plate circuit will increase. 
This increase in plate current causes the voltage drop across the output 
resistor to increase, thus decreasing the voltage between the plate and 



Fig. 9-5.—Phase relations between the a-c 
grid voltage, the a-c component of the plate 
current, and the a-c component of the plate 
voltage. 
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cathode of the tube. In a similar manner, it can be seen that a decrease 
in grid voltage will decrease the current in the plate circuit, thus decreas¬ 
ing the voltage drop across the output resistor, and thereby increase the 
voltage at the plate of the tube. The phase relation between the grid 
voltage, plate current, and the plate voltage for an amplifier circuit whose 
load contains only resistance is shown in Fig. 9-5. From these diagrams 
it can be seen that, wdth only resistance in an amplifier circuit, the grid- 
voltage variations are in phase with the variations in plate current, and 



Fia. 9-6.- Dyiiaijiic and static characteristic cuivcs. 

the plate-voltage variations are 180 degrees out of phase with the grid- 
voltage variations. As all amplifier circuits contain at least a small 
amount of undesired capacitance and inductance, this in-phase and 180- 
degree out-of-phase relationship is very seldom obtained. The amount 
of phase difference from these theoretical conditions will depend upon the 
amount of capacitance and inductance present in the circuit and in some 
cases may be so small that it can be ignored. 

Dynamic Characteristic Curves, Although the operating character¬ 
istics of a tube can be obtained from the static plate characteristic curves 
with the aid of a load line, a more complete interpretation can be acquired 
from a family of dynamic characteristic curves. A single dynamic char¬ 
acteristic curve represents the actual operating characteristics of a tube 
for a definite type and value of load impedance. The dynamic character¬ 
istic curve of a tube will therefore vary with the value and type of load 
impedance. Thus, a family of curves can be plotted from values obtained 
from the static plate characteristic curves and the load lines. Values of 
grid volts and plate current for the dynamic characteristic curve shown 
in Fig. 9-6 were obtained from Fig. 9-4 at the points where the load line 
intersects the static curves. 
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It can readily be seen from this curve that a steady plate current of 
1.625 ma will flow when the B supply is 200 volts and the tube is operated 
with a grid bias of 6 volts. It can also be seen that a 2-volt alternating 
current signal input varies the grid voltage from —4 to —8 volts, thus 



causing the plate current to vary between 1 and 2.25 ma. These are the 
same values that were obtained from the series of static characteristic 
curves and the load line of Fig. 9-4. 

For purposes of comparison, the transfer static curve (Ro = 0) has 
been drawn on the same graph. Values of grid volts and plate current 
were obtained from Fig. 9-4 at the points where the line representing 200 
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volts on the plate intersects each static curve. It can be observed that 
the dynamic curve is much flatter than the static curve. This means 
that the plate-current variations for dynamic conditions would be smaller 
than the plate-current variations for static conditions, assuming that the 
grid-voltage variations are the same. 

A series of dynamic curves for a type 6J5 tube, operating with a 
300-volt B supply on its plate, for various values of load resistance are 



Fig. 9-8.—Dynamic characteristics for a type 6J5 tube. 

shown in Fig. 9-8. Values of grid volts and plate current for these curves 
were obtained at the points where the various load lines (Fig. 9-7) inter¬ 
sect the static plate characteristic curves. Zero load condition is repre¬ 
sented by the static transfer characteristic curve plotted for a 300-volt 
B supply. From this family of curves, it can be seen that the slope of the 
transfer characteristic curve becomes steeper with a decrease in the plate 
load and flatter with an increase in the plate load. Thus, increasing the 
plate load will decrease the plate-current output. However, increasing 
the plate load also lengthens the straight portion of the transfer charac¬ 
teristic curve, thus making it possible to apply a larger signal voltage to 
the input circuit of the tube without producing distortion. 
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9-3. Power Amplification. Power Output. The current that flows 
through the plate circuit of a tube consists of two parts: (1) a steady or 
d-c component h) (2) a varying or a-c component ip (see Fig. 9-1). The 
useful part of the plate current is the varying component as only variations 
in plate current produce sounds at the loudspeaker. The steady plate 
current h will not cause the loudspeaker to produce any sound and there¬ 
fore does not contribute directly toward the useful output of an amplifiei 
circuit. This portion of the plate current does, however, contribute 
toward the power loss of the circuit as it produces heat at both the load 
impedance and the plate of the tube. 

The varying component of the plate current flowing through the out¬ 
put resistor Ro (Fig. 9-1) is expressed as 


ip 


Ro “f" rp 


(4-8) 


The varying component of the voltage across the load impedance Ro is 
equal to 


^ RTo + Vp 


(4-9) 


The instantaneous value of the a-c power output po is equal to the product 
of the varying corhponents of the plate current and plate voltage, or 


Po — ipep 


(9-2) 


Substituting Eqs. (4-8) and (4-9) for ip and e, in Eq. (9-2) 


or 


= w i^e„R„ 

Ito + rp^ Ro + rp 

_ _ (/<gg)*f2<> 

{Ro -i- Tp)^ 


(9-2a) 

(9-26) 


Maximum Power Output. It has previously been shown that the 
voltage ampliiication of a circuit increases with an increase in the value 
of the load impedance. Thus, for a voltage amplifier, maximum voltage 
amplification can be approached only by making the value of the load 
impedance many times greater than the plate resistance. However, 
although a great increase in the output voltage Op is obtained, the useful 
power output of the voltage amplifier circuit is quite low. This can be 
seen by an analysis of Eqs. (4-8) and (4-9). Examination of these two 
equations indicates that for constant values of amplification factor and 
input signal, the output voltage will vary according to the factor 
R 

^—9 and the plate current ip will vary according to the factor 

tto -r Tp 
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—— Further analysis will show that, with a fixed value of Vp, any 
Ro “T 

increase in Ro will increase the output voltage Cp and decrease the output 
current ip; conversely, a decrease in Ro will decrease the output voltage 
Bp and increase the output current ip. It can also be seen that ep and ip 
do not change at the same rate and consequently the power output may 
either increase or decrease with a change in Ro depending upon whether 
Ro is smaller or larger than Vp. The maximum power output will be 
obtained when Ro is equal to Vp which may be proved experimentally, or 
mathematically as in the following example. 

Example 9-2. Prove that the maximum amount of power output is obtained at 
the load of an amplifier circuit when the load resistance Ro is equal to the plate resist¬ 
ance Tp. Assume the tube to have a plate resistance of 8000 ohms, a constant ampli¬ 
fication factor of 20, and an input signal of 1 volt. Establish the proof by determining 
the power output with load resistance values of 4000, 6000, 8000, 10,000, and 12,000 
ohms. 

Given: Find: 

fp — 8000 ohms Po-mw * ? 

M « 20 

eg — I volt 

Ra = 4000, 6000, 8000, 10,000 and 12,000 ohms 


Solution: 


ohms 

-i 

R. + rp 
ohms 

ep 

Eq. (4-9) 
volts 

ip 

Kq. (4-8) 
nia 

I 


Eq. («)-2) 
mw 

Eq. (9-26) 
watts 

4,000 

12,000 

6.666 

1.666 

11.11 

O.Ollll 

6,000 

14,000 

8.571 

1.428 

12.23 

0.01224 

8,000 

16,000 

10 

1.25 

12.5 

0.0125 

10,000 

18,000 

11.11 

1.111 

12.34 

0.01234 

12,000 

20,000 

12 

1 

12 

0.012 


From the tabular results listed above, it can be seen that the maximum power output 
is obtained when Ro = 8000 ohms, which is also the value of r,,. 


The principle illustrated in Example 9-2 can be applied to any type of 
power source and load and is referred to as the principle of maximum 
power transfer. 

Graphical Analysis of Maximum Power Output. The power output 
characteristics of an amplifier circuit (see Fig. 9-9) illustrates the principle 
of maximum power transfer. The values of power output used in plotting 
this curve were obtained by the use of Eq. (9-26); some of the values also 
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are listed in the solution of Example 9-2. It can be seen from this curve 
that the output power increases rapidly as the load resistance is increased 
from zero and reaches its maximum value when the load and plate resist¬ 
ances are equal. Further increases in load resistance cause the output 
power to decrease, although at a much slower rate. 



Fig. 9-9,—Power-output characteristics for a type 6J5 tube. 


When Ro is equal to fp, the instantaneous value of the power output 
[Eq. (9-26)] then becomes 


Po^m 


(mO: 

4rp 


(9-3) 


If the effective value of the input signal is substituted for the instan¬ 
taneous value in Eq. (9-3), the a-c power output of the circuit may then 
be found by use of the equation 


P -Me)! 
*■’" 4rp 


(9-4) 


If the mavinnim value of the input signal is substituted for the effective 
value in Eq. (9-4), then 


p _ (M-^g-m)^ 

8rp 


(9-4o) 


where p».m = instantaneous value of power output with maximum power 
transfer, watts 

P,.» = maximum a-c power output of the amplifier circuit, watts 
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eg = instantaneous value of the input signal, volts 
Eg = effective value of the input signal, volts 
Eg.m = maximum or peak value of the input signal, volts 


Exainple 9-3. An amplifier circuit uses a type 6A3 tube operated Class A with 
250 volts on its plate and with a grid bias of 45 volts. What is the maximum power 
output that can be obtained from this amplifier circuit with an input signal whose 
peak value is 20 volts? 


Given: 

Tube = 6A3 
Eb ~ 250 volts 
Ee = —45 volts 
Eg.m =* 20 volts 

Solution: 


Find: 

P ? 

*o.m * 


From Appendix XV: /x = 4.2, rp =* 800 ohms 

_ _ (4.2 X 20)2 

Srp 8 X 800 


1.102 watts 


9-4. Distortion in Power Amplifiers. Nonlinear Distortion, Every 
tubers transfer characteristic curve can be divided into three parts: (1) 
the curve formed at the upper bend, (2) the curve formed at the lower 
bend, (3) the portion joining these two parts. The line joining the upper 
and lower bends, although generally considered as being straight, actually 
is curved. The degree of curvature of this portion of the transfer char¬ 
acteristic curve depends upon the value of the load impedance. The 
effect of the load impedance on the curvature of the transfer characteristic 
can be seen by reference to the dynamic characteristics of the type 6J5 
tube (Fig. 9-8). From this figure, it can also be seen that increasing the 
value of the load impedance tends to lengthen the curve, thus making it 
more nearly a straight line. Although a considerable amount of curva¬ 
ture exists at the no-load or static condition, this decreases to a very 
small amount as the value of the load impedance is increased. 

Nonlinear distortion is caused by operating a tube on any curved por¬ 
tion of its transfer characteristic curve. Thus, a Class A power amplifier 
will produce some distortion, since even the best operating portion of its 
characteristic curve is not actually a straight line. This distortion is 
caused mainly by the second harmonic, and the per cent of distortion can 
be calculated by use of the equation 


Per cent of second harmonic distortion 



%,mBX tb.u^ 


X 100 


(9-6) 


or 
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Per cent of second harmonic distortion 

= ~ ft X 100 (9-5a) 

A\lh.max ‘Ib-rmti) 

where t6.m*x = maximum value of total plate current 
= minimum value of total plate current 
h == average or quiescent value of plate current 

Example 9-4. A type 6J5 triode is operated from a 300-volt B power supply aii<! 
it is desired to obtain maximum power output. The grid bias is 0 volts and the 
plate resistance of the tube is 8000 ohms. What is the per cent of second harmonic 
distortion when a signal having a maximum value of 4 volts is applied to the input 
circuit? 


Given: 

Tube = 6J5 
Etib == 300 volts 
Ee ^ —Q volts 
Tp ** 8000 ohms 
Eg^m — ^ volts 

Solution; 

Ro — Tp ^ 8000 ohms (for maximum power output) 

From the dynamic characteristic curves of the type 6J5 tube (Fig. 9-8) 

t’6>maz ~ 10 ma* 
tb>min ~ 5.2 ma 
h =» 10 ma 

Per cent of second harmonic distortion = x 100 

tb-vun) 

(16+6.2)-2 X 10 ^ 

“ - 2^0 " _ 5 2 )-^ P®*" 

Maximum Undistorted Power Output. When operating a tube as a 
power amplifier it becomes necessai^'’ to consider the per cent of distor¬ 
tion as well as the power output. Maximum power output is obtained 
when the load and plate resistances are equal. Increasing the value of 
the load rerastance will decrease the curvature of the characteristic curve 
and thus decrease the amount of distortion. It is common practice to 
sacrifice some of the output power in order to use a load resistance that 
will produce a satisfactory minimum amount of distortion. Undistorted 
power output, as used in reference to audio amplification, means that the 
amount of distortion is small enough that it cannot be noticed by the 
average person. A distortion of 5 per cent can be distinguished by 
the average listener. The recommended maximum allowable distortion 
of an audio amplifier has been taken as 5 per cent. A rule generally used 
for single-tube triode power amplifiers is to use a load resistor whose value 
is approximately equal to twice the value of the plate resistance. 


Find: 

Per cent of second harmonic distortion 
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Substituting Eg for c^, and 2rp for Ro in Eq. (9-26) 


and 



9rp 

9rp 


(9-6) 

(9-6a) 


where Po.m.u = maximum undistorted power output, watts 

Example 9-5. The type 6J5 triode of Example 9-4 is operated with the same elec¬ 
trode potentials and a-c input signal as used in Example 9-4. What is the per cent 
of second harmonic distortion if the plate load is increased to the value at which the 
circuit will produce its maximum amount of undistorted power output? 

Given: Find: 

Tube “ 6J5 Per cent of second harmonic distortion 

Ebh * 300 volts 
Ee “ —6 volts 
fp *= 8000 ohms 
Eg-m = 4 volts 

Solution: 

Ro == 2rp = 16,000 ohms (for maximum undistorted power output) 

From the dynamic characteristic curves of the type 6J5 tube (Fig, 9-8) 


ib^xamx — 10 ma 
« 3.5 ma 
h ~ 6.6 ma 


Per cent of second harmonic distortion 


X 100 


(10+3.5) - 2 X6.6 
2(10 - 3.5) 


X 100 = 2.30 per cent 


Examination of the results obtained in Example 9-4 indicates that the 
per cent of second harmonic distortion exceeds the recommended maxi¬ 
mum when the plate load is selected to produce maximum power output. 
However, when the plate load is increased to twice the value of the plate 
resistance, as in Example 9-5, the per cent of distortion is reduced con¬ 
siderably and is well below the recommended maximum. 

Although some power is sacrificed by increasing the value of the load 
resistance, the amount is very small, as can be observed from the power 
output curve (Fig. 9-9). From this curve, it can be seen that the 
decrease in power output does not become appreciable until the value of 
the plate load becomes several times that of the plate resistance. 

9-6« Ratings of Power Amplifiers. Power Amplification. Amplifier 
tubes generally are operated with a grid bias high enough to prevent any 
current from flowing in the grid circuit. Under this condition the current 
flowing in the input circuit of the amplifier is practically zero. When the 
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input signal is fed into an amplifier tube through a resistor, the power 
used by this input resistor represents the input power of the amplifier; 
this is sometimes called the driving power. In such a circuit, the ratio of 
the a-c power output to the a-c power consumed in the grid circuit is 
called the power amplification of the amplifier circuit. The power 
amplification ratio may be infinite in certain types of power amplifiers 
since the vacuum tube is capable of releasing additional power from the 
local power supply. 

In contrast to the high power amplification obtained from a power 
amplifier circuit, the voltage amplification obtained is very low. It can 
be seen, by observation of the power output equations for a vacuum-tube 
amplifier circuit, that the output power varies as the square of the input 
signal voltage. Thus, if the value of the input signal voltage is tripled 
the output power will be increased to nine times its former value. For 
this reason, the input voltage to power amplifier tubes should be com¬ 
paratively high. Power amplifier tubes are therefore designed to operate 
with large input signal voltages without producing distortion. 


Example 9-6. A type 6F6 tube is operated as a Class Ai triode power amplifier 
to produce maximum undistorted power output. The plate resistance of the tube is 
2500 ohms and its amplification factor is 6.8. At 1000 cycles, a signal current with 
an effective value of 70 fia. flows through the 200,000-ohm grid leak resistor, (a) 
What is the voltage amplification at this frequency? (5) What is the power amplifica¬ 
tion at this frequency? 


Given: 

Tp = 2500 ohms 
Rg « 200,000 ohms 

p ** 6.8 

Ig 70 pa, 

Solution: 


Find: 

(а) VA = ? 

(б) PA = ? 


(a) Eg ^ IgXRg --7 X 10-8 X 2 X 10® « 14 volts 


j?<, « 2rp — 2 X 2500 — 5000 ohms 


VA 


pRo 


6.8 X 5000 


: 4.53 


(6) P 


> 0.805 watt 


Ro-¥rp^ 5000 -f 2500 “ 

2{pEg)^ ^ 2(6.8 X U)\ 

9rp 9 X 2500 
Pinput » Ig^Rg « (70 X 10-®)* X 0.2 X 10® 
Po'in.u 0.805 


» 0.00098 watt 


PA 


Pinput 0.00098 


= 821 


Plate Circuit Efficiency. The efficiency of any power supplying 
device is usually expressed as a percentage and represents the ratio of its 
power output to its power input. The vacuum tube itself does not con¬ 
tribute any power to the output circuit but by its action power is released 
from a local power supply. The power supplied to the plate circuit of a 
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tube can thus be represented by the power that the tube releases from its 
B power supply. The power released from the B power supply is equal 
to the product of the plate supply voltage and the average plate current 
at maximum signal input. The average plate current flow at maximum 
signal input may be slightly higher than that at zero signal input. This 
increase in current is produced by the nonlinear or rectifying action of the 
tube. For most practical purposes, this difference in plate current can be 
ignored. The average plate current can then be taken as equal to the 
quiescent or operating plate current h- The efficiency of the plate 
circuit can then be expressed as 


Plate circuit efficiency 


Po 

Ebbh 


X 100 


(9-7) 


where Po = a-c power output, watts 

Ebb = voltage of B power supply, volts 
Ib = average value of plate current, amperes 

Example 9-7. What is the plate circuit efficiency of the type 6F6 power output 
tube of Example 9-6, if the average plate current is 32 ma and the B power supply is 
410 volts? 

Given: Find: 

Po = 0.805 watt Plate circuit efficiency 

Ebb ~ 410 volts 
Ib = 32 ma 

Solution: 

. .. rr. • 1^0 X 100 0.805 X 100 ^ 

Plate circuit efficiency = —~ 41 0 X 6 ~ 032 ~ 


Plate Efficiency, In the rating of power amplifiers, the plate circuit 
efficiency is very seldom used. The term generally used is the plate 
efficiency of the power amplifier tube. The ratio of the a-c power output 
to the product of the average values of plate voltage and plate current at 
maximum signal input is called the plate efficiency. 


Plate efficiency = 


Po 

EbIb 


X 100 


(9-8) 


In Class A amplification (Fig. 9-4) maximum efficiency will be obtained 
when the maximum negative values of the varying components of the 
plate voltage ep and the plate current ip produce the lowest possible values 
of plate voltage Cb and plate current fd, namely, zero. Under this condi¬ 
tion, the maximum value of et will be twice the value of the operating 
plate voltage Eb and the maximum value of 4 will be twice the value of the 
operating plate current h. The peak values of Ep and Ip will thus be 
equal to Eb and h respectively. As the a-c power output (for resistive 
loads) is equal to the product of the effective values of Ep and Ip, then 
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Fio. 9-10 —Commercial audio-frequenoy poww amplifier. {Cimrtwy of Radio Newo,) 


























410 


ESSENTIALS OF RADIO 


[Art. 9-5 


the a-c power output for the condition of maximum plate efficiency may 
be expressed as 


^ A 
V2V2 2 


(9-9) 


Substituting the value of Po of Eq. (9-9) in Eq. (9-8), it can be seen that 
the plate efficiency of a Class A amplifier cannot exceed 50 per cent. 
This is the theoretical maximum efficiency and in practical amplifier 
circuits the actual efficiency is much lower, as will be seen in the following 
examples. 

The plate efficiency is dependent upon the ratios of the maximum and 
minimum plate voltages and the maximum and minimum plate currents. 
These in turn are dependent upon the operating conditions of the tube, 
such as the plate voltage, the input signal voltage, and the load imped¬ 
ance. Using a load resistance whose value is approximately equal to the 
tube’s plate resistance and increasing the plate voltage and the input 
signal voltage will increase the a-c power output. The plate efficiency 
of the amplifier circuit is therefore also increased. 

The plate efficiency is generally low in amplifiers designed primarily 
for minimum distortion. The plate efficiency of Class A operated power 
tubes as used in radio receivers is usually between 10 and 25 per cent. 
The plate efficiency of triodes is lower than the plate efficiency of pentodes 
or beam power tubes. Increasing the amount of permissible distortion 
also increases the plate efficiency. Thus the efficiency of Class Ai 
operation is the lowest and the efficiency increases with Class A 2 , Class 
ABi, Class AB 2 , and Class B operation. 

Example 9-8. What is the plate efficiency of the type 6F6 power output tube of 
Examples 9-6 and 9-7 if the average plate voltage is 260 volts? 

Given; Find: 

Po “ 0.805 watt Plate efficiency 

Eh = 250 volts 
h = 32 ma 

Solution: 

Plate efficiency = X 100 = 

Plate Dissipation and Screen Dissipation, The heat given off at the 
plate of a tube as the result of electron bombardment is called the plate 
dissipation and its symbol is Pp, This is a loss in power and is equal to 
the difference between the power supplied to the plate of the tube and 
the a-c power delivered by the tube to its load impedance. The heat 
given off at the screen grid of a tube as a result of electron bombardment 
is called the screen dissipation. In determining the plate efficiency of 



Art. 9 - 5 ] 


POWER AMPLIFIER CIRCUITS 


411 


pentodes and beam power tubes, the power dissipated in the screen grid 
must be added to the average d-c power supplied to the plate of the tube 
in order to obtain the total input to the tube from the B power supply. 

Example 9-9. DoUTinine the plate dissipation of the power amplifier tube as 
used in Examples 9-fi, 9-7, and 9-8? 

Given: Find: 

Po = 0.805 watt Pp = ? 

Eb = 250 volts 
Ib = 32 ma 

Solution: 

P* = EiJb = 250 X 0.032 = 8 watts 
Pp = P, - 7^ = 8 - 0.805 = 7.195 watts 

The maximum plate or screen dissipation of a power amplifier tube 
can be obtained by reference to a tube manual. The maximum plate 
dissipation listed in the tube manual for a type 6F6 tube, when operated 
as a triode Class Ai amplifier, is 10 watts. This value exceeds the power 
dissipation as calculated in Example 9-9; therefore, the tube of Example 
9-9 is being operated within its rated plate dissipation limit. 

Power Sensitivity, Another term commonly used in the rating of 
power amplifier tubes is its power sensitivity. The ratio of the a-c 
power output to the square of the rms (effective) value of the input signal 
voltage is referred to as the power sensitivity. The basic unit of power 
sensitivity is the mho, but, because of the low values of power sensitivity 
usually obtained, the micromho is more commonly used. 

p 

Power sensitivity = (micromhos) (9-10) 

Power sensitivity is ordinarily only used in rating amphfier tubes 
that are operated so that no current flows in the grid circuit. When this 
term is used in connection with an amplifier circuit in which the grid 
circuit consumes power, it refers to the entire amplifier section including 
the driver tube. The power sensitivity of pentodes and beam power 
tubes is considerably greater than for triodes. 

The term power sensitivity is also used in rating r-f power amplifiers. 
When used in this manner, it has an entirely different meaning than when 
used with a-f power amplifiers. Power sensitivity, as used with r-f 
power amplifiers, expresses the ratio of the output power to the input 
power or the power amplification of the circuit. 

Example 9-10. A type 6J5 triode is operated from a 300-volt B power supply and 
is to produce maximum power output. The plate resistance of the tube is 8000 ohms 
and its amplification factor is 20. The input signal has a maximum value of 4 volts. 
What is the power sensitivity of the tube? 
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Given: Find: 

Tube = 6J5 Power sensitivity 

Tp = 8000 ohms 

M « 20 

Eg.m = 4 volts 

Solution: 


= 0. 


p - (2u A 

8rp 8 X 8000 

Po 0.1 X 10« 

Power 8en8,t,iv>ty = X 10« = 


1 watt 

= 12,500 //mhos 


9-6. Class A 2 Operation. The development of negative feedback 
amplifier circuits has made it possible to reduce the distortion produced 
in an amplifier to a minimum. When negative feedback is used it 
becomes possible to operate a tube as a Class A 2 amplifier without pro¬ 
ducing excessive distortion. 

In a Class A 2 amplifier, the values of the grid bias and the input signal 
voltage are such that the total instantaneous grid voltage Ce is driven 
positive during a portion of the input cycle. Grid current will flow during 
the portion of the cycle in which the grid is positive. Under this condi¬ 
tion it is possible to obtain maximum plate current flow, at the positive 
peaks of the input signal, with a lower value of plate voltage. The plate 
efficiency and power output is greater with Class A 2 operation than with 
Class Ai. Plate efficiencies of 30 to 40 per cent are obtainable for power 
amplifier tubes operated as Class A 2 . 

The grid bias of a power amplifier tube operated as Class A 2 should be 
of such a value that rated plate current will flow when the rated plate 
voltage is applied. The amount that the grid voltage may be driven 
positive during any portion of the input cycle will then depend upon 
the amount that the distortion is reduced by the addition of negative 
feedback. 

9-7. Power Diagrams. Load Line and Power, It has previously 
been explained how the load line can be used for determining the dynamic 
characteristics of a vacuum tube. These characteristics included the 
operating point, required amount of B supply voltage, maximum and 
minimum plate voltage, and the maximum and minimum plate current. 
Many of the other operating characteristics of an amplifier tube can also 
be determined by use of the load line. These characteristics include the 
power lost in the load resistor, plate dissipation, power output, distortion, 
and voltage amplification. Use of the load line in determining these 
operating characteristics is illustrated in Figs. 9-12 and 9-13. The graph¬ 
ical determination of the power ratings of a 6F6 operated with the same 
electrode potentials, load resistance, and input signal voltage as used in 
Examples 9-6, 9-7, 9-8, and 9-9 is illustrated by the power diagram of 
Fig. 9-12, 
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Power Output. Referring to the power diagram for the 6F6 (Fig. 
9-12), it can be seen that an input signal with a peak value of 20 volts 
causes the plate voltage to vary from 160 volts to 338 volts, or a total 
variation of 178 volts. This is referred to as the pedk-to-peak voltage 
(from plate to cathode) and also represents the useful signal voltage 
available to operate the following tube or circuit. The peak-to-peak 
input signal voltage in Fig. 9-12 is 40 volts. The voltage amplification 
would then be equal to 178 divided by 40, or 4.45. This checks favorably 
with the mathematical solution of Example 9-6, in which the voltage 
amplification was found to be 4.53; hence the graphical method of solu¬ 
tion gives results sufficiently accurate to warrant its common use. With 
this signal input, the plate current varies from a maximum of 50 ma to a 
minimum of 14 ma, or a total variation of 36 ma. 

The a-c powei output of the amplifier can be found by the use of the 
peak-to-peak values of plate voltage and plate current, and the basic 
power equation P = EL In this equation the voltage and current 
must be effective values; hence it is necessary to convert the peak-to-peak 
values of voltage and current to their effective values. This can be done 
by dividing the peak-to-peak value by a factor of 2 \/2. The a-c power 
output can then be expressed as 


or 


Po = 


(^b»fi 


Cft.min) ^ (^’5*11 


^’b*inin) 


2\/2 '' 2 \/2 
_ (C6*in*x ^b.min) (^fr.max •min) 

ro g 


(9-11) 
(9-1 la) 


Example 9-11. Determine the power output of the 6F6 under the operating con¬ 
ditions indicated on the power diagram of Fig. 9-12. 

Given: 

Tube « 6F6 

Power diagram, Fig. 9-12 

Solution: 

Cb.mw =* 338 volts; eb.min ’= 160 volts 
50 ma; ^.min = 14 ma 

(Cfc.max ^^.Inin) 

8 

. (338 - 100)(0.050 - 0.0 14) ^ ^ 

8 

The a-c power output is represented on the power diagram by the 
area of the shaded triangle, QNM. The maximum power output of a 
Class A amplifier will occur when the area of the shaded triangle is equal 
to QCH. The output would then be equal to one-half of the plate input, 


From Kg. 9-12: 


P. 


Find: 

Pc = ? 
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and the plate efficiency would be 50 per cent. In actual practice, it is 
impossible to obtain this condition since it requires the instantaneous 
value of plate voltage to reach zero, and the instantaneous plate current 
to reach its maximum value at full B-supply voltage. 



A-Cpo¥fer oufpuL .. Area of the triangle QNM 

Power lost in me output resistor. _ Area of the rectangle QABC 

Plate dissipation. .. Area of the rectangle IQCIf 

minus the area of the triangle QNM 
Power supplied by the B power supply....Area of the rectangle lABH 
Power supplied to the plate of the tube.. Area of the rectangle IQCff 

Fia. 9-12,—Power diagram of a type 6F6 tube connected for triode operation. 

Power Losses and Power Ratings. The power consumed by the output 
resistor is equal to the product of the voltage drop across this resistor and 
the average plate current. This power is represented by the area of the 
rectangle, QABC. The power taken from the B power supply is equal 
to the product of the B-power-supply voltage and the average plate 
current. Thus, the power supplied by the local power supply is repre¬ 
sented by the area of the rectangle lABH. The input power to the plate 
circuit of the tube is equal to the product of the average plate voltage and 
the average plate current. The area of the rectangle IQCH therefore 
represents the input power to the plate of the tube. The plate dissipation 
of a tube is equal to the difference between the input power to the plate 
and the output power. This power loss is represented by the area of the 
rectangle IQCH minus the area of the triangle QNM. 
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Example 9-12. Using the power diagram in Fig. 9-12 and the power output as 
calculated in Example 9-11, determine (a) the plate circuit efficiency, (6) the plate 
efficiency, (c) the plate dissipation, and (d) the power lost in the output resistor. 


Given: 

Tube = 6F6 

Power diagram, Fig. 9-12 
Po = 0.801 watt 


Find: 

(а) Plate circuit efficiency = ? 

(б) Plate efficiency == ? 

(r) Pp = ? 

(d) Ph = ? 


Solution: 


From Fig. 9-12: 

AP — CQ = 32 ma or 0.032 amp 
II B ~ 410 volts 
HC = 250 volts 
CP = 160 volts 

(a) Pb ^ HB X AB ^ 410 X 0.032 = 13.12 watts 

P 0 

Plate circuit efficiency = X 100 = X 100 = 6.10 per cent 

(5) P< = PC X CQ = 250 X 0.032 = 8 watts 
P 0 5^01 

Plate efficiency = ^ X 100 = X 100 = 10.01 per cent 

(c) Pp Pi - Po = S - 0.801 = 7.199 watts 

(d) Pij = CP X AP = 160 X 0.032 = 5.12 watts 

Best Values of Output Resistance and Grid Bias for Maximum Power 
Output It has been shown in Eqs. (9-26) to (9-6a) that the power output 
of an amplifier varies as the square of the input signal voltage. There¬ 
fore, in order to obtain maximum power output, the maximum input 
signal voltage must be applied. In order to avoid excessive distortion in 
Class A amplifiers, the operating voltages and the load resistance should 
be of such values that when the grid is at its most negative value the 
instantaneous plate current should not be driven into the region of high 
distortion (see Fig. 9-13). The curvature of the characteristic lines in 
this region is quite high. Excessive distortion will therefore be produced 
if the plate-current variation extends into this region. For a definite 
value of B supply voltage, maximum undistorted power output will be 
obtained when the peak value of the input signal voltage is equal to the 
grid bias and when the load resistance and grid bias are of such values 
that the varying plate current does not extend into the region of high 
distortion. 

Application of this rule can more easily be understood by analysis of 
the power diagrams of Figs. 9-12 and 9-13. Under the operating con¬ 
ditions represented by Fig. 9-12, the tube is not producing the maximum 
amount of undistorted power output that it is capable of delivering. 
This is due to the fact that although the peak value of the input signal 
voltage is equal to the grid bias, the distortion is zero as 4.nu* — h is equal 
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to h — ib nun. The maximum undistorted power output can be obtained 
by decreasing the load resistance to a value for which the distortion does 
not exceed 5 per cent. It can also be shown from Fig. 9-13 that, for a 
given load resistance and B voltage, the maximum power output is not 
obtained unless the peak input signal voltage is equal to the grid bias. 



Fia. 9-13—Distorted output caused by incorrect choice of load line, input signal voltage, 

or grid bias. 

The effect on the power output when incorrect values of grid bias, 
input signal voltage, or load resistance are used is illustrated by the power 
diagram of Fig. 9-13 and Example 9-13. 

Example 9-13. A 6F6 is being operated as a triode amplifier tube. A load resist¬ 
ance of 5000 ohms, a B supply of 450 volts, and a grid bias of 30 volts are used, the 
characteristic curves are as shown in Fig 9-13. (o) What is the power output for a 

signal input voltage whose peak value is 30 volts? (5) What is the per cent of second 
harmonic distortion? » 


Given; 

Tube = 6F6 

Power diagram. Fig. 9-13 
Ehb “ 450 volts 
Ec “ —30 volts 
Eff.m *“ 30 volts 
Ro 5000 ohms 


Find: 

(O) Po * ? 

(5) Per cent of second harmonic distortion 
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Solution: 

F«oin Fig. 9-13: 


Ib =* 27 ma 
^b’XDKx 55 ma 
U»min 6 ma 

(^ft.nuuc ~ Ot nun) (Vt max ib min) 
8 


(a) JP. 

(b) Per cent of second harmonic distortion 


Eh 312 volts 
Bb.tnMX “ 420 volts 
eh.max *=170 volts 
(420 - 170) (55 - 6) 


8 

(4 max + 4 •nun ) - 2Ib 


1.53 watts 


2{th.taax 'i'h 

(55 4- 6) - 2 X 27 
2(55 - 6) 


X 100 


nun) 

X 100 = 7.14 per cent 


The recommended operating values (Appendix XV) for a 6F6 operated 
as a Class A triode amplifier are: Eh = 250 volts, Ec — —20 volts, 
Eg.m = 20 volts, Jfc = 31 ma, and Ro = 4000 ohms. Some of the operat¬ 
ing values of the 6F6 used in Example 9-13 exceed these recommended 
values and as a result excessive distortion is produced. If it is desired 
to operate the tube with the same electrode voltages, the distortion can be 
reduced by either decreasing the value of the input signal voltage or 
increasing the value of the load impedance. Decreasing the input signal 
voltage will decrease the power output considerably, while increasing the 
value of the load impedance will cause only a comparatively small amount 
of decrease in the power output. From values obtained from Fig. 9-13, 
it can be shown that increasing the value of the load resistance to 7500 
ohms results in a decrease in the a-c output power to 1.215 watts and 
reduces the distortion to 6.94 per cent. Although decreasing the value of 
the load resistance may increase the power output, it may also increase 
the amount of distortion. Thus, decreasing the value of the load resist¬ 
ance to 3800 ohms increases the a-c power output to 1.71 watts and the 
distortion to 7.50 per cent. 

Higher values of power output and plate efficiency can be obtained by 
using a higher value of plate voltage than the value usually recommended. 
When higher plate voltages are used, the grid bias and load resistance 
should be of such values as to prevent the plate current from exceeding 
the tube’s maximum allowable value. The value of the load resistance 
used is generally more than twice the value of the plate resistance, and 
plate efficiencies of 30 to 40 per cent can be obtained. The correct value 
of grid bias and load resistance for maximum undistorted power output 
can be obtained either mathematically by use of complex equations, or 
graphically by the trial-and-error process. The values used should 
produce the maximum output without exceeding the allowable amount 
of distortion, 

9-8. Class A Power Amplifiers. Load Lines for Reactive Loads. It 
has previously been stated that the load line for a capacitive or inductive 
load will be an ellipse. This is due to the fact that the voltage across an 
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Fig. 9-14.—Graphical construction of load lines for a reactive load. {From Albert Preisman, 
Graphical Constructions for Vacuum Tube Circuits.) 



Fia, 9-15.—^Load lines for a type 6F6 tube connected for pentode operation. 
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output reactance is out of phase with the plate current. The output 
voltage is hence a double-value function of the plate current, and the load 
line becomes a closed curve (see Fig. 9-14). Increasing the ratio of the 
output resistance to the output reactance will flatten the ellipse. Thus, 



A-C Poy/er outputs .. Area of the fr/angle QNM 

Power lost in the output resistor^ _ Area of the rectangle QABC 

Plate dissipation _ Area of the rectangle IQCH 

minus the area of the triangle QNM 
Power supplied by the B power supply^,.^ Area of the rectangle lABH 
Power supplied to thepiate of the tube,..^Area of the rectangle IQCJff 
Fiq. 9-16.—Power diagram of a type 6F6 tube connected for pentode operation. 

by decreasing the value of the output reactance the ellipse approaches the 
load line of a resistance and becomes more nearly a straight line. 

Load Line for Pentodes and Beam Power Tubes, The load lines for 
pentodes and beam power tubes are constructed in the same manner as 
for triodes. Figure 9-15 shows three load lines plotted on the static plate 
characteristic curves of a 6F6 connected for pentode operation. Recom¬ 
mended values (see Appendix XV) for the 6F6 when operated as a 
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pentode, Class Ai, are: Eh = 250 volts, Ec = “16.5 volts, Eo.m = 16.5 
volts, Ih “ 34 ma, and Ro = 7000 ohms. The load line for 7000 ohms 
was plotted on the plate characteristic curves for these operating condi¬ 
tions. For minimum distortion, the load line should be of such a value 
that — Ih is approximately equal to h “ tVmin. When operating 
on the 7000-ohm load line, this difference is only 2 ma. Increasing the 
load resistance to 9000 ohms increases this difference to 10 ma, and 



Fig. 9-17.—Family of plate characteristic curves for a beam power tube, 

decreasing the load resistance to 5000 ohms increases the difference to 
14 ma. 

In addition to second harmonic distortion, third harmonic distortion 
is very pronounced in pentodes and beam power tubes. The reason for 
this high distortion can be explained by reference to the static plate 
characteristic curves for these two types of tubes (see Figs. 9-15 and 9-17). 
It can be seen from these curves that the distance between the grid voltage 
lines are not uniform. The greatest distance occurs between zero grid 
bias and the adjacent grid-bias line. The distance between succeeding 
adjacent grid-bias lines gradually decreases, reaching a minimum between 
the maximum grid bias and its adjacent grid-bias line. This nonuniform 
variation between the grid-voltage lines indicates that a change in grid 
voltage at the higher bias voltages will produce a smaller change in plate 
current than for the same grid-voltage change at the lower bias voltages. 
The total distortion produced by pentodes and beam power tubes is 
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therefore higher than the distortion 
obtained with triodcs. 

9-9. Effects of Harmonic Dis¬ 
tortion. Cdkulalion of Harmomc 
Distortion for Pentodes and Beam 
Power Tubes, The effects of har¬ 
monic distortion on a sinusoidal 
wave can be observed by reference 
to the diagrams in Fig. 9-18. A 
second harmonic tends to change 
the fundamental wave to a saw¬ 
tooth wave. This type of distor¬ 
tion is characteristic of all the even 
harmonics as the addition of the 
fundamental and all its even har¬ 
monics will tend to produce a saw¬ 
tooth wave. A third harmonic 
tends to change the fundamental 
wave to a square wave. This type 
of distortion is characteristic of all 
the odd harmonics as the addition 
of the fundamental and all its odd 
harmonics will tend to produce a 
square wave. The distortion pro¬ 
duced by both the second and third 
harmonics results in a wave that is 
somewhat similar to the distorted 
saw-tooth wave produced by the 
second harmonic only. However, 
the shape of this wave is also de¬ 
pendent upon the ratio of the max¬ 
imum values of the second and 
third harmonics. For the result¬ 
ant wave, shown in Fig. 9-18c, the 
ratio is 1. 

The per cent of harmonic distor¬ 
tion in pentodes and beam power 
tubes can be calculated by use of 
Eqs. (9-12), (9-13), and (9-14). 
As the derivations of these equa¬ 
tions are rather complex, they are 
omitted in this text. 



Cat (b) (c) 

Fio. 9-18.—Effects of harmonics on a sine wave, (a) Effect of a second harmonic, (b) effect of a third harmonic, (c) effect of a second and 

a third harmonic. 
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Per cent of second harmonic distortion 

= .- W.+ ?■»•-.!„- 2/ft ^ 

^6*min l“ I \Jx J-y) 

Per cent of third harmonic distortion 

ib‘TD&x ^6* min - 1.41 (/. - I,) 

inn /n 


^Voias ib-ima ”l~ Iy) 


X 100 (9-13) 


where h 


plate current at 0.293£c 
plate current at 1.707jBc 


The per cent of the total harmonic distortion (second + third) is equal 
to the square root of the sum of the per cent of second harmonic distortion 
squared and the per cent of third harmonic distortion squared. 

Per cent of total (second and third) harmonic distortion 

_ jT Per cent of second V , / Per cent of third . . 

\ \harmonic distortion/ \harmonic distortion/ ^ 


(9-14) 


Example 9-14. A 6F6, connected as a pentode, is operated along the 7000-ohm 
load line (Fig. 9-15) with a grid bias of 16.5 volts. If an input signal with a peak 
value of 16.5 volts is applied, what is the per cent of (a) second harmonic distortion? 
(6) Third harmonic distortion? (c) Total second and third harmonic distortion? 


Solution: 


Given: 

Tube * 6F6 

Ec = -16.5 volts 
Eg.n = 16.5 volts 
Ro = 7000 ohms 
Load line, Fig. 9-15 


(а) Per cent of second harmonic distortion 

(б) Per cent of third harmonic distortion 
(c) Per cent of total (second and third) 

harmonic distortion 


From Fig. 9-15: ih.mta. = 67 ma, = 5 ma, Ih = 35 ma, 7, = 61 ma, ly * 10.5 


(o) Per cent of second harmonic distortion 

_ _ ib’inax "h ib>ndn 2/fe 

ib^taaa. — 4.nun + 1.41 (/* — ly) 

67 + 5 - 2 X 35 

= 67-5-1- 1.41(61 - 10.5) ^ P"" 

(6) Per cent of third harmonic distortion 

_ tb-max tb-min — 1.41 (7x ^ 1 y) y .. 

ib’jomx — + 1.41(7* — ly) 

67 - 5 - 1.41(61 - 10.5) ,, ^ 

”67-6-1- 1.41(61 - 10.5) X ® P®>' 

(c) Per cent of total harmonic distortion 

SB \l{ P^r cent of second V + ^ Per cent of third V 
^ Vharmonic distortion/ \harmonic distortion/ 

* Vl.60* + 6.91* - 7.07 per cent 

The total harmonic distortion of pentodes and beam power tubes for 
normal operating conditions is usually listed in standard tube manuals. 


X 100 = 1.50 per cent 


X 100 = 6.91 per cent 
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A total distortion of 8 per cent is listed for the 6F6 when operated under 
the conditions used in Example 9-14. The total distortion of 7.07 per 
cent as calculated in Example 9-14 compares favorably with the value of 
8 per cent listed in the tube manual. From this example it can also be 
seen that the distortion is above the allowable maximum of 5 per cent 
and that most of the distortion is caused by the third harmonic. This is 
characteristic of pentodes and beam power tubes. In order to reduce 
the distortion to the allowable maximum, negative feedback may be 
applied to the circuits using these types of tubes. Beam power tubes 
have a lower percentage of distortion than pentodes and therefore are 
being used more frequently as power amplifier tubes. 

9-10. Power Rating of Pentodes and Beam Power Tubes. The 
power diagrams for pentodes and beam power tubes are constructed in a 
similar manner as for triodes. Figure 9-16 represents the power diagram 
for the 6F6 when operated as a pentode. The same letter notations used 
in the triode power diagram (Fig. 9-12) are used in the pentode diagram. 
The power ratings can therefore be found by following the procedure as 
explained for triodes. Thus, by using Eq. (9-1 la), the power output is 
found to be 3.375 watts. 

Because of the relatively large amount of harmonic distortion in the 
output of pentodes and beam power tubes, the distortion is generally 
included in the power output. The total power output, taking the har¬ 
monic power output into consideration, can be calculated by the equation 


Po 


[4.niBX — tVinin + 1 .41 (/a; — 
32 


(9-15) 


Example 9-15. What is the total power output of the 6F6 pentode used in Exam¬ 
ple 9-14? 


Given: 

Find: 

Tube = 6F6 

F. = 7 

ift.max — 67 ma 


^6»inin ” 5 ma 


/* = 61 ma 


ly = 10.5 ma 


Ro' = 7000 ohms 



Solution: 


Po 


[ift.maz th.inin 1.41(/af I}f)]^Ro^ 

32 

[0.067 - 0.005 + 1.41(0.061 - 0.0105)]* X 7000 
32 


3.88 watts 


Example 9-16. The screen grid of the 6F6 used in Example 9-14 is operated at 
250 volts and the maximum value of screen-grid current is 10.5 ma. (a) What is 
the plate dissipation? (b) Wliat is the plate efficiency? (Note: The screen-grid 
power is considered part of the plate input power.) 
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Given: 

Tube « 6 F 6 
Po « 3.88 watts 
Eh = 250 volts 
h “ 35 ma 
Ee 2 =“ 250 volts 
Ic 2 10.5 ma 

Solution: 

(а) Pi « Ehh = 250 X 0.035 « 8.75 watts 

Pp = Pi - Po-- 8.75 - 3.88 » 4.87 watts 

( б ) Pc 2 “ Ec^Ici * 250 X 0.0105 « 2.625 watts 

P.-T « P.- + Fci - 8.75 + 2.625 = 11.375 watts 

P ^ 

Plate efficiency = - 5 -^ X 100 rrone. X 1^0 = 34.1 per cent 
Jr i.T ll.o7& 

Pentodes and beam power tubes have many advantages over the 
triodes as a power amplifier. In addition to the higher power output and 
plate efficiency that is obtainable, less driving voltage is required. This 
is due to the higher amplification factor of pentodes and beam power 
tubes. 



(b) 

Fig. 9-19.—Two triodes connected for parallel operation, (a) Actual circuit diagram, (6) 

equivalent electrical circuit. 

9-11. Parallel Operation of Power Tubes. If the power output of a 
single tube is too small to produce a desired amount of volume, two or 
more power tubes may be connected in parallel in order to obtain the 
necessary power output. Operating tubes in parallel increases the power 
output, but the per cent of distortion remains the same as for a single 
tube. Thus, two identical tubes connected in parallel will provide twice 
the output of a single tube for the same value of input signal voltage. 


Imd; 

(o) Pp = ? 

( 6 ) Plate efficiency = ? 



Abt. 9-12] 


POWER AMPLIFIER CIRCUITS 


425 


The amount of distortion will also be doubled but as the output and the 
distortion are both doubled, the per cent of distortion remains the same. 
Figure 9-19a illustrates the manner of connecting two triodes in parallel. 
The same procedure can be followed for pentodes. 

Since the two plates are in parallel, the equivalent plate resistance 
will be one-half that of a single tube. The voltage generated by each 
tube will be equal to fiCg, The equivalent electrical circuit for two 
triodes in parallel can therefore be drawn as shown in Fig. 9-196. 

Example 9-17. A 61^6 beam power pentode is operated so that it produces an 
output of 6.5 watts. How many of these tubes must be connected in parallel, if it is 
desired to obtain a 35-db output from the same driving voltage? 

Given: Find: 

Tube 6L6 Number of tubes in parallel = ? 

Po.i = 6.5 watts 
Volume = 35 db 

Solution: 

Po.T ^ pR X antilog ^ = 0.006 X antilog ^ = 18.96 watts 
Number of tubes = 4^ ~ = 2.92 

x'^o.l O.u 

Therefore, use 3 tubes. 

9-12, Push-pull Amplifiers. Push-pull Operation, Push-pull opera¬ 
tion of amplifier tubes is another method of obtaining a greater power 
output than can be obtained from a single tube. A push-pull amplifier 
employs two identical tubes operating together as a single stage of ampli¬ 
fication. The grids and plates of the two tubes are connected respectively 
to opposite ends of the secondary of the input transformer and the pri¬ 
mary of the output transformer (see Fig. 9-20a). A balanced circuit is 
obtained by connecting the cathode returns to center taps on the second¬ 
ary arid primary windings of the input and output transformers respec¬ 
tively. As a balanced circuit is necessary for push-pull operation, this 
system is also referred to as a balanced amplifier, A push-pull amplifier 
circuit may be either resistance-capacitance coupled or transformer 
coupled. 

The varying current in the primary winding of the input transformer, 
which is actually the output current of the previous stage, induces a 
corresponding voltage in the secondary. At any instant the two ends of 
this secondary, 1 and 2 of Fig. 9-20a, are of opposite polarity. Thus the 
varying input voltages eg,A and c^.b will always be equal and 180 degrees 
out of phase with each other. Assuming the end of the secondary indi¬ 
cated as 1 to be positive, then the other end indicated as 2 will be negative. 
The grid of tube A will then become more positive, causing an increase in 
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the plate current flowing through section 3-4 of the primary of the output 
transformer. The grid of tube B becomes more negative causing the 
plate current flowing in section 4-5 to decrease. As the two tubes are 
identical and the changes in their grid voltages are equal, the variation in 
plate current will also be equal but 180 degrees out of phase with each 
other. It is apparent that one tube pushes current through one-half of 
the primary winding of the output transformer while the second tube 



rpA 






Fia. 9-20.—Push-pull amplifier circuit, (o) Circuit diagram, (6) equivalent electrical 
circuit, (c) single-tube equivalent electrical circuit. 

pulls an equal amount through the other half; hence the name push-pull. 
Push-pull operation is not limited to any particular type of tube; thus 
triodes, pentodes, or beam power tubes may be operated as balanced 
amplifiers. 

Graphical Analysis of Push-pull Operation. A graphical ahalysis of 
push-pull operation for two tubes operating as a Class Ai amplifier is 
illustrated in Fig. 9-21. The dynamic characteristics for tube B are 
plotted inverted with respect to the dynamic characteristics for tube A. 
The grid of each tube is biased to approximately one-half the cutoff value. 
With zero signal input, steady plate currents of Ib.A and Ib.B flow in their 
respective plate circuits. These two currents are equal and flow in 
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opposite directions in each half of the primary winding of the output 
transformer. 

When an alternating voltage is applied to the two grids^ the plate 
current in one tube increases while the plate current in the other tube 
decreases. It can be seen that the varying plate current of each tube is 
badly distorted, as both tubes operate over more than the linear portion 



on gnd of each fube 

Fig. 9-21. —Graphical analysis of Class A push-pull operation. 

of their dynamic curves. The distortion is largely due to the second 
harmonic since operating over the nonlinear portion of the characteristic 
curve produces this type of harmonic distortion. The phase relation of 
the second harmonic produced by each tube is such that they cancel each 
other in the output transformer. A graphical illustration of how the 
second harmonic is eliminated is shown in Fig. 9-22. It can also be seen 
from this figure that the combined output of tubes A and B is a sine 
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wave devoid of any second harmonic and equal to twice that of either 
tube. 

The net effect of the push-pull action of the varsdng plate current of 
each tube flowing through the primary winding of the output transformer 
is equivalent to an alternating current of twice the value of either plate 
current flowing through one-half of the primary winding. This effect is 




fdj 

Cmc elhfionof 

UBondhar7nomc,7\^y^ 'X*'' X.-*' 

•TuieA 

Fia. 9-22.—Input and output waves of a Class A push-pull amplifier. 


equivalent to that produced by an input signal voltage equal to the alter¬ 
nating voltage applied to the grid of either tube and operating on a 
dynamic curve that is the resultant of the dynamic curves of tubes A 
and B. This ideal dynamic curve is shown as a broken line in Fig. 9-21. 
The resultant plate current, also shown as a broken line, would be a sine 
wave. However, the actual resultant dynamic curve is not a straight 
line as is indicated by the ideal resultant curve, but is slightly curved. 
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This curvature of the actual resultant dynamic curve produces a third 
harmonic in the output; with an overload on the tube, a fifth harmonic 
will also be present. 

9-13. Characteristics of Class Ai Push-pull Amplifiers. Because the 
second harmonic distortion is balanced out in the output transformer, it 
is possible to use a load resistance whose value is equal to the plate 
resistance; thus maximum power output may be obtained. Also, 
greater values of input signal voltage can be applied to the grid of each 
tube, as its operation is not limited to the linear portion of its character¬ 
istic curve. It is therefore possible to obtain more than twice the power 
output of a single tube Class Ai amplifier by operating two similar tubes 
in push-pull. However, the exciting voltage, measured between the two 
grids, must be twice that required for one tube. 

The average plate currents Is.a and Ib.B (Fig. 9-20a) flow in opposite 
directions in their respective halves of the primary mnding of the output 
transformer. Thus the magnetizing effect of the direct currents on the 
iron core cancels out. Therefore, there can be no direct current satura¬ 
tion in the core of the output transformer, regardless of how great the 
average plate currents may be. The incremental inductance will be 
higher and therefore will improve the low audio-frequency response. 
Large variable plate currents will produce proportionate changes in the 
magnetic flux rather than being distorted by the saturation bend in the 
magnetization curve of the iron. 

At any instant, the resultant of the varying plate currents fp.A and 
ip.B flowing through the B power supply is zero. As there is no current 
of signal frequency flowing through the source of plate power, there will 
therefore be no regeneration. 

Any alternating voltage that may be present in the plate power supply 
will also be balanced out in the primary winding of the output trans¬ 
former! The a-c hum of a push-pull amplifier is therefore greatly reduced. 

Because of these many advantages of balanced amplifiers it is more 
advantageous to use two small tubes in push-pull rather than one large 
tube capable of producing the same amount of power output. 

Although pentodes and beam power tubes may be operated in push- 
pull, little advantage is gained from the use of these tubes. This is 
because the third harmonic distortion in pentodes is much higher than in 
triodes for comparable conditions. The odd harmonics are not balanced 
out in push-pull operation. In properly designed single-tube class A 
pentode power amplifiers, the amount of second harmonic distortion is 
very low. 

9-14. Equivalent Electrical Circuit of Push-pull Amplifiers. An 
equivalent electrical circuit for push-pull operation of two tubes can be 
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drawn as shown in Figs. 9-205 or 9-20c. In the circuit of Fig. 9-206, the 
resistance Ro^ represents the plate-to-plate load impedance reflected to 
the full primary winding by the load connected to the secondary of the 
output transformer. In the circuit of Fig. 9-20c, the two tubes are 
replaced by an equivalent single tube whose characteristics represent 
the resultant dynamic curve of Fig. 9-21. The load reflected to this 
single equivalent tube is designated as Ro' and is one-fourth the value of 
Ro' because only one-half of the primary turns are effective with the 
single equivalent tube. While the operating characteristics of push-pull 
circuits may be observed from either of the equivalent circuits, the follow¬ 
ing discussion is based on the equivalent circuit of Fig. 9-206. 

It can be shown from Fig. 9-206 that the effective value of the varying 
plate current can be expressed as 


Tp.A + Tp.B + Ro' 


(9-1G) 


As Eg.A is equal to Eg.a and Vp.A equals r^.B, Eq. (9-16) can be expressed as 


h 


2nEg 

2rp -}- Ro' 


(9-16a) 


where Eg = Eg.A = Eq.b 

Tp = rp.A = rp.B 

Note: Eg is equal to one-half of the voltage developed across terminals 
1 and 2, Fig. 9-20a. 

For maximum power output RJ should be equal to 2rp, For this condi¬ 
tion, Eq. (9-16a) becomes 

h.r. = (9-17) 


where Ip.m = current at maximum power output. 

9-16. Power Output, Load Resistance, and Distortion. From the 
equivalent electrical circuit shown in Fig. 9-206, the power output of a 
push-pull amplifier can be expressed as 


p _ AinEgYRo^ 

^ {2rp -t- Ro^ 


(9-18) 


the maximum power output is then equal to 

p _ il^Eg.m)^ 

Arp 


(9-19) 


Example 9-18. Two 2A3 tubes are connected to operate as a Glass A push-pull 
amplifier. The operating characteristics of each tube are: Eh 250 volts, « —45 
volts, and Eg,m ^ 45 volts. What is the maximum power output of the two tubes? 
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Given; 

Tube « 2A3 
Eh =“ 250 volts 
Ee =* —45 volts 
Eg.fn *= 45 volts 

Solution: 

From Appendix XV: tp = 800 ohms, ^ = 4.2 

(4.2 X 45) g 


Find: 
P 0»1» 


P o-« 


4r» 


4 X 800 


= 11.16 watts 


The power output may also be determined by means of the tubes^ 
plate characteristic curves and a load line. To plot a load line, the 
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Fig. 9-23.—^Load line for push-pull operation of a triode. 

desired operating plate voltage must first be known. This value can 
usually be obtained from the recommended values listed in a tube manual. 
A vertical line is drawn upward from a point on the abscissa of the plate 
characteristic curve equal to 0.6i?6 (see Fig. 9-23). The point of inter¬ 
section of this vertical line and the zero grid-voltage curve represents the 
maximum value of plate current. The load line is drawn from this point 
of intersection to a point on the abscissa representing the average plate 
voltage Eb. The maximum power output for two tubes operating Class 
A push-pull will then be 

X % (9-20) 

y/2 V2 

Ehih-m 


= i-x 
10 


or 


Po.m = 


(9-20o) 
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This simple equation can be used for all triodes operated Class A push- 
pull. The grid bias and maximum input signal voltage should be 
approximately equal to those specified for a single-tube Class A operation. 
The resistance represented by the load line in Fig. 9-23 is equal to 


or 


= 


Eb — O.^Eb 

ib-m 


Ro" = 


OAEi 

ib»ni 


(9-21) 

(9-21a) 


The plate-to-plate load is then equal to 

22' = 


(9-22) 


The distortion of push-pull amplifiers is generally very low. It can 
be shown that all even harmonics are eliminated; this is true for the same 
reason that the second harmonic is balanced out in the primary winding 
of the output transformer. Although the a-c hum from the plate power 
supply is balanced out, any hum induced in the input circuit of the ampli¬ 
fier will be amplified in the same manner as any other input signal. 
Because of the slight curvature of the resultant dynamic curve there will 
be some third harmonic distortion (see Fig. 9-21) and in some instances 
also a fifth harmonic distortion. The per cent of third harmonic dis¬ 
tortion may be calculated by the equation 

Per cent of third harmonic distortion = " \ X 100 (9-23) 

2ilb.m + Ix) ^ 

where 7, == plate current at OLEg.^ 


Example 9-19. Using the plate characteristic curves for a type 2A3 tube (Fig. 
9-23) find: (a) the maximum power output, (b) the plate-to-plate load resistance, 
(c) the per cent of third harmonic distortion for the push-pull circuit of Example 9-18. 


Given: 

Find: 

Tube ** 2A3 

(o) P..„ = 7 

Eb ■* 250 volts 

(b) R,' - 7 

Ee =» —45 volts 

(c) Per of third harmonic distortion 

Eg.m = 45 volts 



Solution: 


(a) 

Q>) 


From Fig. 9-23: ih^m, ** 200 ma, I. 
jy Ebithm 250 X 0.2 


22 / 


5 


5 

1.6 X 250 
0.2 


112 ma 
( 10 watts 
2000 ohms 


(o) Per cent of third harmonic distortion 


ib-m 2/g 

2(ib.m -h /*) 

0.2 - 2 X 0.112 

2 ( 0 . 2 + 0 . 112 ) 


X 100 
X 100 


3.84 per cent 
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The values of power output of the push-pull Class A amplifier using 
two 2A3 tubes as found in Examples 9-18 and 9-19 compare favorably 
with each other. From Appendix XV, the maximum undistorted power 
output obtainable from a single 2A3 tube operated Class A, and with the 
same electrode potentials and input signal voltage as used in Examples 
9-18 and 9-19, is 3.5 watts. The power obtainable from push-pull opera¬ 
tion, 10 watts (see Example 9-19), is considerably greater than twice 
this value. The per cent of distortion is small, being less than the allow¬ 
able maximum of 5 per cent. It may be noticed that there is a difference 
in the value of the plate-to-plate resistance used in Example 9-18 and the 
value calculated in Example 9-19. This difference is due to the fact 
that in Example 9-18 the plate resistance used is the value obtained for 
Class A operation at the electrode potentials employed, while in Example 
9-19 the plate resistance used is the value obtained from operating on the 
resultant dynamic curve of the two tubes as indicated on Fig. 9-21. 

9-16. Class AB Operation. The distortion caused by operating a 
tube on the lower bend of its characteristic curve, which is the region of 
high distortion, is eliminated by the push-pull circuit. It is then pos¬ 
sible to increase the bias on the tubes used in a push-pull circuit so that 
they operate as Class AB, Increasing the grid bias of a tube decreases 
the value of the plate current with zero signal input. This decrease in 
the value of the operating plate current permits the use of higher screen- 
grid and plate voltages, and also increases the plate efficiency of the tube. 
Because of these factors, a greater power output can be obtained by oper¬ 
ating two tubes as Class AB push-pull than by using the same tubes 
operated as Class A push-pull. 

Class AB amplifiers may be operated with or without grid current 
flowing. As Class ABi, the grid bias is always greater than the peak 
value of the input signal voltage applied to each tube. There will be no 
grid-current flow in either tube as the potential on their grids will not be 
positive during any part of the input cycle. In Class AB 2 , the grid bias 
is always less than the peak value of the input signal voltage applied to 
each tube. There will, therefore, be some grid-current flow in each tube 
during the portion of the input cycle that the grid is positive. 

The general operating characteristics of Class ABi push-pull amplifiers 
are similar to those for Class A, The equations given for Class A opera¬ 
tion are also applicable for Class ABi. A higher power output and a 
higher plate efficiency (with a slight increase in the distortion) can be 
obtained from Class ABi than can be obtained from the same tubes 
operated Class A. 

The grid-current flow in a Class AB 2 amplifier represents a loss of 
power. This loss plus the power loss in the input transformer represents 
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the total amount of driving power required by the grid circuit. In order 
to minimize the amount of distortion set up in the grid circuit, the power 
of the driving stage is generally made considerably higher than the mini¬ 
mum required amount. The input transformer of a Class ABi push-pull 
amplifier is usually a step-down transformer. 

Because of the large fluctuations in plate current, a cathode bias 
arrangement cannot be used for Class AB operation and the plate power 
supply should have good regulation. The grid bias is usually obtained 
from a fixed resistor in the power supply. In order to obtain satisfac¬ 
tory regulation, the power supply generally used for a Class AB amplifier 
employs a choke input filter, a mercury vapor rectifier tube, low-resistance 
filter chokes, and a low-resistance power transformer. 

9-17. Class B Operation. The plate current with zero input signal 
voltage can be reduced to a minimum by adjusting the grid bias of a tube 
to approximately cutoff, which is Class B operation. Each tube of a 
Class B push-pull amplifier is operated in this manner. Referring to 
Fig. 9-20, it can be seen that when the grid of tube A is made more 
positive, the grid of tube B will be made more negative. During this half 
of the input cycle the plate current of tube B will be zero. During the 
next half-cycle the grid of tube A becomes more negative and the grid of 
tube B more positive. During this half-cycle the plate current of tube A 
will be zero. Thus, one tube amplifies the positive half-cycles and the 
other tube amplifies the negative half-cycles. 

The two tubes alternately supply current to the primary winding of 
the output transformer. Each tube delivers power to one-half of the 
primary winding for one-half of the cycle. This is equivalent to one xube 
delivering power to one-half of the primary winding of the output trans¬ 
former for an entire cycle. Under this condition, the effective load RJ' is 
equal to one-fourth of the value of the impedance, Ro reflected to the full 
primary by the load Ro connected to the secondary of the output trans¬ 
former. The equivalent electrical circuit is similar to that for Class A 
and Class AB shown in Fig. 9-20. However, the value of n and Vp are the 
values for Class B operation and are not equal to those values generally 
listed in a tube manual which are for Class A operation. The values of 
and Tp for Class B operation can be obtained from the plate character¬ 
istic curves. The power output of a Class B amplifier can be obtained by 
use of Eqs. (9-18) and (9-19) if the Class B operating values of m and Vp 
are substituted in place of the Class A values. 

As the fluctuations in plate current of a Class B amplifier will be higher 
than for Class AB, it is important that the power supply used should 
have good regulation. The remarks concerning the power supply used 
for Class AB operation therefore also apply to Class B operation. 
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To avoid the use of large fixed sources of biasing voltage, there are a 
number of tubes designed especially for Class B operation. These tubes 
have a high amplification factor and the plate current is small when the 
grid voltage is zero. These tubes require no bias supply, as they can be 
operated as Class B at a bias of zero volts. It is also common practice to 
mount two triode units in one envelope so that only one tube is required 
for a Class B push-pull stage. The ()N7, 6A6, CY7-G, 6Z7-G, and 1G6-G 
are examples of Class B twin triodes. 



Fig. 9-24.—Use of a phase inverter tube in a resistance-capacitance-coupled push-puU 

amplifier circuit. 


Because the plate current with zero input signal voltage will be prac¬ 
tically zero. Class B amplifiers have a high plate efficiency. The grid is 
usually driven positive and the power output will be unusually high in 
proportion to the size of the tube. However, because the grids are driven 
positive and draw considerable power when operated as Class B, a high 
value of input signal power must be supplied from the driver stage to 
compensate for this loss of power. 

9-18, Phase Inverter. In the analysis of push-pull operation it was 
shown that in addition to the input signal voltage on the grid of each tube 
being approximately equal in magnitude to each other at all times, they 
must also be 180 degrees out of phase with each other. With transformer 
coupling, the 180-degree phase difference between the two input voltages 
is obtained by means of an input transformer having a center-tapped 
secondary (see Fig. 9-20a). With resistance-capacitance coupling, the 
out-of-phase relationship between the two input voltages is obtained by 
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employing? tho inv(*rier action of a vacuum tube. A tube used in this 
manner is calh'd a phafie inverter. 

The circuit diagram for a resistance-capacitance-coupled push-pull 
amplifier is shown in Fig. 9-24. In this circuit, the driving voltage is 
obtained from tube 1 and the phase inversion from tube 2. Tubes A and 
B are the tubes being operated in push-pull; they correspond to tubes A 
and B of the circuit showm in Fig. 9-20a. When a varying input voltage 
is applied to the grid of tube 1, the varying output voltage of this tube 
will be applied to the grid of tube A. By means of the voltage divider 
resistances Ri and 722, a portion of the output voltage of tube 1 is also 
applied to the grid of tube 2. The output of the phase inverter (tube 2) 
is then applied to the grid of tube B. The action just described occurs 
practically instantaneously. Thus a positive output voltage from tube 1 
causes the grids of tubes A and 2 to become more positive. The output 
plate current of tube 2 increases and causes the grid of tube B to become 
more negative. In this manner, the input voltages at tubes A and B 
will always be 180 degrees out of phase with each other. In order that 
the magnitude of the voltages applied to the grids of tubes A and B will 
always be equal, the voltage applied to the grid of the phase inverter 
should always be equal in magnitude to the input voltage e^. This is 
accomplished by making the ratio of 22 1 + 722 to 722 equal to the voltage 

amplification of the circuit of tube 1. The characteristics of tubes 1 and 

2 should be identical and hence a tmn triode is generally used for the 
driving tube and the phase inverter. As the output circuits of the two 
tubes should also be identical, the plate-coupling resistors 72c. i and 72c .2 
are of equal values, and the grid-leak resistor Rg is equal to 72 1 plus R 2 . 
The values of the resistors in the voltage divider circuit can be calculated 
by use of the equations 

R, = (9-24) 

Jf?i = Rf ~ R 2 (9-25) 

where VAi = voltage amplification from tube 1 

Ri, R 2 , and Rg = resistors as indicated on Fig. 9-24 

The values to be used for the plate-coupling and grid-leak resistors will 
depend upon the tube employed and can be obtained from Appendix XVl. 

9-19. Output Transformer Circuit. Impedance Matching. In a 
radio receiver the output of the power tube (or tubes) is used to drive a 
loudspeaker. The type of loudspeaker most generally used is the 
dynamic speaker. The output load into which the power tube operates 
will then be the voice coil of the dynamic speaker. The impedance of the 
voice cml is generally less than 10 ohms, being mostly resistive with a 
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slight amount of inductance present. For all practical purposes, the 
impedance of the voice coil may be considered as being only resistance. 

Because of the large difference betAveen the resistance of the voice 
coil and the plate resistance of the poAver tube, it is obvious that the power 
tube should not be operated directly into the voice coil. Therefore, an 
output transformer is used to couple the output of the tube to the voice 
coil of the loudspeaker. The transformer may be regarded as an imped¬ 
ance changer because the impedance presented to the plate circuit of the 
tube (impedance of the primary side of the output transformer) is equal 
to the impedance of the load (impedance of the voice coil connected in the 
secondary side of the output transformer) multiplied by the square of the 
ratio of the primary turns to the secondary turns. This relationship can 
be derived from Eq. (2-76) in Art. 2-29. The value of impedance required 
for the plate load can therefore be obtained by using a transformer as the 
coupling device between the plate of the power tube and the voice coil of 
the dynamic speaker. A transformer used in this manner is called an 
output transformer (see Figs. 9-20a and 9-24). 

The Output Transformer, The average radio receiver in the home is 
usually operated Avith an audio power output of less than one watt. 
Three watts of audio power greatly exceeds the amount required to pro¬ 
duce sufficient volume for the average person in a normal living room. 
As output transformers are usually rated from 8 to 20 watts, this trans¬ 
former is seldom operated at or near its rated output. 

A transformer used as an impedance changer Avill change the magni¬ 
tude of the impedance without changing the phase relation, assuming it 
to be an ideal transformer. As the impedance of the voice coil may be 
considered as being pure resistance, the impedance reflected to the pri¬ 
mary winding Avill also be pure resistance. The turns ratio required of 
the output transformer is 



where Np — number of turns on the primary A\dnding 
Ns number of turns on the secondary winding 
Rf = required plate load resistance, ohms 
Ro = resistance of the voice coil, ohms 

Example 9-20. A 7A6 beam power amplifier tube is used in the power output 
stage of a radio receiver. For the electrode voltages at which the tube is to be oper¬ 
ated, it is recommended that the plate-load resistance be 2500 ohms. The resistance 
of the voice coil of the dynamic speaker is 9.76 ohms. What is the turns ratio required 
of the output transformer? 
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Given: 

Ro' — 2400 ohms 
Ro = 9.76 ohms 

Solution: 

Ns 


Find: 



The output transformer used with a push-pull circuit has a center- 
tapped primary. The core of this type transformer does not have to be 
as large as for a transformer used with single tube operation. This is 


Q 



Fia. 9-26.—A voltage-controlled feedback-amplifier circuit as applied to a single-tube 

power amplifier. 



Fia. 9-26.—A push-pull amplifier circuit with voltage-controlled feedback. 

due to the fact that the direct ciurents in the two halves of the primary 
winding flow in opposite directions and the resultant magnetization of 
the core is very low. 

9-20. Negative Feedback. The distortion developed in the power 
amplifier circuit can be reduced to a negligible amount by the use of 
negative feedback. The advantages, operation, limitations, and basic 
circuit connections for negative feedback as applied to power amplifier 
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circuits are similar to those for the audio amplifier circuits as explained 
in Arts. 8-14 to 8-17. The equations used in the calculations of feedback 
in a-f amplifier circuits may, therefore, also be used in the calculation of 
feedback for power amplifier circuits. As the power output of most 
radio receivers greatly exceeds the one watt of output power that is 
usually sufficient for the average home receiver, the loss of power due to 
negative feedback is of little or no consequence. 

Negative feedback as applied to a single stage of power amplification 
is shown in the circuit diagram of Fig. 9-25. In a push-pull amplifier 
circuit, negative feedback can be obtained by use of a separate voltage 
divider network in the plate circuit of each tube as shown in Fig. 9-26. 
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QUESTIONS 

1 . (a) Explain the purpose of power amplifiers. (6) How are power amplifiers 
classified in terms of operating frequency? (c) How arc power amplifiers classified in 
terms of tube-operating characteristics? 

2 . Compare voltage amplifiers and power amplifiers in terms of (a) plate circuit 
impedance, (b) voltage amplification, (r) plate current. 

8. (a) Why is it possible to use the static characteristic curves of a tube for 
analyzing the operation of voltage amplifiers but not for the analysis of power ampli¬ 
fiers? (b) What type of characteristic curves arc used in conjunction with power 
amplifiers? 

4 . (a) How can the dynamic characteristics of a tube be obtained from the static 
characteristic curves? (6) What form of load line is obtained when the plate load is 
resistive? Inductive or capacitive? 

5. (a) Why is it desirable to have the dynamic transfer characteristic curves 
approximately straight lines throughout the signal voltage range? (6) What factors 
affect the shape and the location of the load line? 

6. (a) What is meant by the quiescent point? (b) What determines its location? 
7« Explain and establish proof of the phase relation between: (a) eg and ip, 

(b) Bff and (c) eg and ep, (d) eb and ep, (e) eh and ip. 



440 


ESSENTIALS OF RADIO 


8 . How may a family of dynamic characteristic curves be o])tained from the 
static characteristics? 

9. Describe |.hree effects on tlie dynamic characteristic curves when the value of 
the plate load resistance is increased. 

10 . (a) What an' th(‘ tw^o cornpoiu'nts of the plate current of a tube when an a-c 
signal is applied to the grid? (h) What do(‘s each component contribute to the circuit ? 

11 . (a) State the principh' of maximum power transfer, (b) Establish proof of this 
principle. 

12 . (a) What is meant by distortion in an amplifier? (6) What is nonlinear 
distortion? (c) Why is distortion present in a Class A (single-tube) power amplifier? 

13 . (a) What is meant by the maximum undistorted pow^er output? (b) What per 
cent of distortion is tolerated in order to obtain maximum powder output? (c) What 
value of load resistance is giuierally used in order to obtain maximum undistorted 
power output with a single tulx' triode power amplifier? 

14 . (a) What is meant by powder amplification? (b) What is meant by the driving 
power? 

15 . Does a power amplifier generally provide a large or small amount of voltage 
amplification? Explain. 

16 . (a) What is the plate circuit efficiency? (b) What is the plate efficiency? 
(c) Which is more commonly used? 

17 . (a) What is the highest possible value of plate efficiency of a singl(*-tube 

Class A amplifier? (b) Prove the answer given to (o). (r) What values of plate 

efficiency are ordinarily attained in practice? 

18 . (a) What is meant by the plate dissipation of a tube? (b) What is meant by 
the screen dissipation of a tube? (c) How does the screen dissipation affect the plate 
efficiency of a tube? 

19 . (a) What is meant by the power sensitivity of a power amplifier tube? (b) 
When is this term used? 

20 . (a) What is meant by Class A 2 operation of an amplifier? (b) What circuit 
development has made Class A 2 operation practical? (c) What arc the advantages of 
Class A 2 operation? 

21. (a) What operating characteristics can be obtained from a power diagram 

similar to Fig. 9-12? (b) How is each of these characteristics represented on the power 

diagram? 

22 . (a) In what manner does the output power vary with a change in the value of 
the input signal voltage? (b) What limits the extent to which the power output may 
be increased by raising the value of the input signal voltage in Class A amplifiers? 
Explain. 

23 . What effect will be produced upon the amount of power output and the second 
harmonic distortion of a single-tube Class A amplifier by (a) increasing the value of the 
load impedance? (b) Decreasing the value of the load impedance? (c) How can the 
correct operating value for maximum undistorted power output be determined? 

24 . (a) What is the shape of the load line when the plate load is a reactive load ? 
(6) What is the effect on the shape of the load line when resistance is added to the load? 

25 . With resistive load, what condition is necessary for minimum distortion? 

26 . (a) What harmonic distortion is present in amplifiers employing pentodes and 
beam power tubes? (b) What causes this distortion? (c) How does this differ from 
triodes? 

27 . What effect is produced on a sine wave by (a) a second harmonic? (6) A 
third harmonic? (c) ^ond and third harmonics? 
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28 . (a) How does the distortion in beam power tubes compare with that in pen¬ 
todes of similar rating? (6) Which of these tube types is more commonly used? 
(c) What may be done to reduce the amount of distortion in circuits using these tubes? 

29 . What does the rated power output of pentodes and beam power tubes repre¬ 
sent? 

80 . What are some of the advantages of pentodes and beam power tubes over 
triodes? 

31 . (a) What is the purpose of operating two or more tubes in parallel? (6) How 
does parallel operation affect the per cent of distortion? 

82 . (a) What is the purpose of operating two tubes in push-pull? (6) How are 
the grids and the plates of the tubes connected to the transformers? (c) Explain why 
center-tapped transformers are neetjssary. 

83 . Explain the importance of the phase relation of the various voltages in push- 
pull operation. 

84 . Show how second harmonic distortion is eliminated when two tubes are 
operated in push-pull. 

35. (tt) What is the cause of third and fifth harmonics in the output of a push-pull 
amplifier? (b) Why does not the push-pull operation reduce the effect of odd har¬ 
monics in addition to the even harmonics? 

36. (a) What are the advantages of push-pull amplifiers? (6) Why are triodes 
generally used in push-pull amplifiers? 

37 . Explain why the plate-to-plate load impedance should bii four times the value 
of the plate resistance of a single equivalent tube when it is desired to obtain maximum 
power output from a push-pull amplifier. 

38 . Work out the derivation of Eq. (9-19) from Eq. (9-18) noting that maximum 
power output occurs when Ro' is equal to 2rp. 

39 . How does the amount of power output of two tubes operated in push-pull 
compare with the power output of the same tubes operated in parallel? 

40 . What are the advantages of Class AB push-pull operation over Class A push- 
pull? 

41 . What is the difference between Class ABi and Class AB 2 operation of push- 
pull amplifiers? 

42 . Why does a Class AB 2 amplifier require a greater amount of driving power 
than a single-tube Class A amplifier? 

43 . (a) What operating characteristic is required of the power supply for the plate 
circuit of Class AB power amplifiers? (6) Explain why this is necessary. 

44 . How is cathode bias usually obtained in a Class AB power amplifier? 

46 . Describe the operation of a Class B push-pull amplifier. 

46 . What are the operating characteristics of the Class B push-pull amplifier? 

47 . (a) What is a phase inverter? (6) What is its purpose? (c) When is it used? 

48 . Explain the operation of a phase inverter as used in conjunction with a push- 
pull amplifier. 

49 . (a) What important purpose does the output transformer serve? (b) Why is 
the output transformer generally required? 

60 . (a) How much power output is generally required of the average home receiver? 
(b) How does the power rating of power output transformers compare with the amount 
of power used under average operating conditions? 

51. In what manner does the output transformer of a push-pull amplifier differ 
from one used with a single tube amplifier? 

52. (a) What advantage is gained by applying negative feedback to a power 
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amplifier? (6) Why is it possible to apply negative feedback to some power amplifier 
circuits without providing additional gain? 

PROBLEMS 

1. If an a-c signal whose maximum value is 4 volts is applied to the circuit 
represented by Figs. 9-2 and 9-4, what is the range of variation of the quantities Cr, 
Cbj and z/i? 

2. If the tube and circuit of Figs. 9-2 and 9-4 are operated with a grid bias of 4 
volts and an input signal of 2 volts (peak value), what is the range of variation of the 
(quantities Cc, ci,, and Zb? 

3. If the tube and circuit of Figs. 9-2 and 9-4 are operated with a grid bias of 4 
volts and an input signal of 4 volts (peak value), what is the range of variation of the 
quantities Cc, Cb, and Zb? 

4 . The type 6B4-G is a triode power amplifier tube with characteristics similar 

to those of the type 2A3 and represented by Fig. 9-23. (a) Ileplot the static charac¬ 

teristic curves for this tube, (h) Draw the load line for this tube whem being operated 
with a resistive load of 2500 ohms and a B power supply of 400 volts. 

5 . If the tube and circuit represented by the curves drawn for Prob. 4 arc op('Tated 
with a grid bias of 45 volts and a signal inqnit of 40 volts (peak value), determine 
(a) the quiescent current, (6) the range of grid voltage variation, (r) the range of plate 
voltage variation, (d) the range of plate current variation. 

6 . For the conditions specified for Prob. 5, determine from the curves (a) the 
maximum amount of plate current variation during tlui positive half of the input 
signal, (h) the maximum amount of plate current variation during the negative half 
of the input signal, (c) the maximum amount of plate voltage variation during the 
positive half of the input signal, (d) the maximum amount of plate voltage variation 
during the negative half of the input signal. 

7. (a) By use of Eq. (4-8), determine the maximum value of the varying com¬ 
ponent of the plate current for the circuit of Prob. 5. (Note: Use the amplification 
factor and the plate resistance given in Appendix XV.) (6) By use of Eq. (4-9), 
determine the maximum value of the varying component of the output signal voltage. 

(c) Compare the results of (a) and (b) with the answers to Prob. 6 and explain the 
reason for any variation, (d) What are the effective values of the a-c component of 
the plate current and of the output signal voltage? (e) Using the values obtained in 

(d) , determine the power output of the amplifier. 

8. An amplifier using a type 6B4-G is being operated with a plate voltage of 250 
volts and a grid bias of 45 volts, (a) What value of plate-load resistance is required 
to produce maximum power output? (5) What is the maximum power output obtain¬ 
able with an input signal voltage of 45 volts peak value? 

9. A type 45 triode power amplifier tube being operated with 180 volts at its 
plate and —31.5 volts at its grid is to be used to amplify a signal with a peak value of 
31.5 volts, (a) What value of load resistance is required to produce maximum power 
output? (6) What is the maximum power output? (c) What is the power output if 
the value of the load resistor is increased to 2700 ohms and the signal voltage is 
reduced to 30.6 volts (peak value)? 

10. What is the per cent of second harmonic distortion of the amplifier circuit in 
Prob, 1? 

11. What is the per cent of second harmonic distortion of the amplifier circuit in 
Prob. 5? 

12. (a) What value of load resistance is recommended to be used with the amplifier 
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of Prob. 8 in order to obtain maxinmni undistoried power output? (b) If it is desired 
to retain the same zero signal operating point, that is, Ec = —45 volts, Eh = 250 volts, 
and Ih ~ 60 ma, what value of B supply voltage is required? (r) What is the power 
output under this condition if the input signal is 45 volts? [Use Eq. (9-6a).] (d) 

Add a load line to the curves of Prob. 4 for these conditions and calculate the per cent 
of second harmonic distortion. 

13 . (a) What value of load resistance is recommend(»d to be used with the amplifier 
of l^rob. 9 in order to obtain maximum undistorted power output? (6) What is the 
power output under this condition if the input signal remains 31.5 volts? 

14 . The amplifier of Prob. 5 produces an output of 4 watts with the following 
operating values: Ro = 2500 ohms, Em, = 400 volts, Eh = 250 volts, Er = —45 volts, 
E,.„. = 45 volts, Ih “ 60 ina. (a) What is its plate circuit efficiency? (6) What is its 
j)late efficiency? 

16. The amplifier of Prob. 12 produces an output of 5 watts with the following 
(»pprating values: Ro = 1600 ohms, Et,o = 346 volts. Eh = 250 volts, Ec = —45 volts, 
E„.„, = 45 volts, Ih = 60 ma. (a) What is its plate circuit efficiency? (b) What is its 
plate (‘fficiency? 

16 . What is the plate dissipation of the power tube used in Prob. 14? 

17 . What is the plate dissipation of the power tube used in Prob. 15? 

18 . What is th(‘ power sensitivity of the tube as operat'd in Prob. 14? 

19 . What is the power sensitivity of the tube as operated in Prob. 15? 

20 . Using the curves of Prob. 4 as the basis of a power diagram, determine the 
operating characteristics of the circuit with a 2500-ohm load impedance and a peak 
signal input of 45 volts, (a) What is the power output? (b) What is the plate circuit 
(‘fficiency? (c) What is the plate efficiency? (d) What is the plate dissipation? 
(c) What is the power dissipated in the output n^sistor? 

21 . Using the curves of Prob. 4 as the basis of a power diagram, determine the 
operating characteristics of the circuit with a 1600-ohm load impedance and a peak 
signal input of 45 volts, (a) What is the power output? (b) What is the plate circuit 
efficiency? (c) What is the plate efficiency? (d) What is the plate dissipation? 
(c) What is the power dissipated in the output resistor? 

22 . What is the powi^r output and the per cent of second harmonic distortion for 
the 6F6 tube, represented by the curves of Fig. 9-13 for triode operation, for a load 
resistance of 7500 ohms, a B supply of 450 volts, a grid bias of 30 volts, and a signal 
input with a peak value of 30 volts? 

23 . What is the power output and the per cent of second harmonic distortion for 
the 6F6 tube, represented by the curves of Fig. 9-13 for triode operation, for a load 
resistance of 3800 ohms, a B supply of 450 volts, a grid bias of 30 volts, and a signal 
input with a peak value of 30 volts? 

24 . If the 6F6 pentode represented by the curves of Fig. 9-15 is operated with a 
plate load of 5000 ohms, what are the values of: (o) 4.mwt? (&) 4.min? (c) It? (d) 7»? 
(e)/v? if) Eh? 

26 . From the values obtained in Prob. 24, determine (a) the per cent of second 
harmonic distortion, (b) the per cent of third harmonic distortion, (c) the per cent of 
total harmonic distortion, (d) the power output, (e) the plate efficiency if the screen 
grid current is 10.5 ma. 

26 . If the 6F6 pentode represented by the curves of F’ig. 9-15 is operated with a 
plate load of 9000 ohms, what are the values of (a) ih.max? {b) 4.mm? (c) h? (d) /,? 

(e)Iy? if) Eh? 

27 * From the values obtained in Prob, 26, determine (a) the per cent of second 
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harmonic distortion, (6) the per cent of third harmonic distortion, (r) the per cent of 
total harmonic distortion, (d) the power output, (c) the plate efficiency if the screen 
grid current is 10.5 ma. 

28 . A certain power circuit employs four 6K6-G pentodes operated in parallel. 

Each tube has an effective plate load of 7600 ohms and is operated with 250 volts at 
its plate, 250 volts at the screen grid, and —18 volts at the control grid, (o) What is 
the power output of each tube (Appendix XV) ? (5) What is the power output of the 

circuit? (c) What is the decibel rating of the circuit? 

29 . How many tubes and what operating values should be used if it is desired to 
obtain 15 watts of output from a number of type 43 tubes (same as 25A6-GT/G) 
operated in parallel? 

80 . (a) What power output will be obtained from five 6F6’s operated in parallel as 
Class A pentode amplifiers if the operating characteristics are: Eh = 250 volts, 
Eel ** —16.5 volts, Ec .2 ** 250 volts, and Ro =» 7000 ohms? (6) What is the decibel 
rating of the circuit? 

81 . (a) What is the output of the circuit of Prob. 30 if the plate and screen voltages 
are increased to 285 volts and the grid bias is increased to 20 volts? (6) What is the 
decibel rating of the circuit? 

82 . Two 2A3 tubes, represented by Fig. 9-23, are connected to operate as a Class 
ABi push-pull amplifier. The operating characteristics of each tube are Eh = 300 
volts, Ee — —60 volts, and Eg.m = 60 volts, {a) What are the values of and /,? 
(6) What is the maximum power output of the two tubes? (c) What is the required 
value of plate-to-plate load resistance? {d) What is the per cent of third harmonic 
distortion ? 

88 . Two type 6L6 tubes are to be used in a Class Ai push-pull amplifier. I'he 
operating values of the tubes and circuit are Eh = 250 volts, Ec. i = —16 volts, E <..2 = 
250 volts, Tp =» 24,500 ohms, * 5500 micromhos, peak grid-to-grid signal voltage = 
32 volts, plate-to-plate load resistance = 5000 ohms. What is the power output of 
the amplifier? 

84 . Two type 6L6 tubes are to be used in a Class ABi push-pull amplifier. The 
operating values of the tubes and circuit are Eh — 360 volts, Er.i = —22.5 volts, 
Ee .2 ** 270 volts, Tp 28,000 ohms, Qm == 5000 micromhos, peak grid-to-grid signal 
voltage « 45 volts, plate-to-plate load resistance « 4300 ohms. What is the power 
output of the amplifier? 

85 . Two type 6L6 tubes are to be used in a Class AB 2 push-pull amplifier. The 
operating values of the tubes and circuit are Eh =* 360 volts, Ec.i =» —22.5 volts, 
Ee.i ■■ 270 volts, Tp ■* 28,000 ohms, “ 5000 micromhos, peak grid-to-grid signal 
voltage ■» 72 volts, plate-to-plate load resistance « 3800 ohms. What is the power 
output of the amplifier? 

86. A 6N7-G twin triode is to be used in a Class B push-pull amplifier. The 
operating values of the tubes and circuit are Eh 300 volts, Ee ^ 0 volts, rp * 13,000 
ohms, /i » 35, peak grid-to-grid signal voltage » 80 volts, plate-to-plate load resist¬ 
ance ■« 8000 ohms. What is the power output of the amplifier? Hint: The effective 
plate-to-plate load resistance is one-quarter of the actual value. 

87. A driving tube and a phase inverter, similar to tubes 1 and 2 of Fig. 0-24, 
are units of a 6N7 twin-triode tube. The plate power supply provides 300 volts, 
R«,i 100,000 ohms, Ci and « 0.015 ^f, and Rg « 250,000 ohms (see Fig. 9-24). 
(a) What value is recommended for Ed? (b) What voltage amplification is produced 
by the driver stage (Appendix XVI)? (c) What value is recommended for Ea? 
(d) What value is recommended for Ei? 
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88 . The output of a 50L6-GT beam power amplifier tube is to be coupled to the 
voice coil of a loudspeaker by means of an output transformer, (a) What turns ratio 
should the output transformer have if the resistance of the voice coil is 6 ohms and the 
plate load should be 2000 ohms? (b) What current rating (minimum) should the 
transformer have? 

89 . A universal output transformer, that is, one with taps brought out from several 
points on its windings, is designed to provide a 2500-ohm plate load from either a 
2-, 4-, 8-, or 500-ohm load. What is the turns ratio if the output load tap used is 
(a) 2? (6)4? (c)8? (d) 500? 

40 . A push-pull amplifier is provided with negative feedback in the manner indi¬ 
cated in Fig. 9-26. What is the per cent of feedback if the value of is 50,000 ohms 
and R 2 is 5000 ohms? 

41 . What values would be required for Ri and R 2 of Fig. 9-26 if it is desired to 
produce 10 per cent feedback and the total resistance of the feedback circuit is to be 
100,000 ohms? 



CHAPTER X 


VACUUM-TUBE OSCILLATOR CIRCUITS 

The frequency of the varying currents or voltages associated with 
radio and electronic circuits may vary from a few cycles per second to 
millions of cycles per second. A vacuum tube, when used in conjunction 
with the proper combination of circuit elements, may be made to produce 
an alternating current having almost any value of frequency. The 
vacuum tube does not create any electrical energy; it merely changes one 
kind of current to another. The electrical circuit associated wdth a 
vacuum tube when used to produce an alternating current is called an 
oscillator circuit In addition to having a wide frequency range, the 
frequency and'amplitude of the output of vacuum-tube oscillator circuits 
are comparatively easy to control. The circuits used tor oscillators are 
rather simple to construct and are relatively inexpensive. A vacuum- 
tube oscillator circuit can be designed so that its output is devoid of any 
harmonics or so that it is rich in harmonic content. Because of these 
favorable characteristics, vacuum-tube oscillator circuits form an impor¬ 
tant part of modern radio and electronic equipment. 

10-1. Uses of Vacuum-tube Oscillator Circuits. Use 0 / Osdllatars 
for Radio Circuits. The applications of vacuum-tube oscillator circuits 
are many and varied. The waves sent out by a radio transmitter consist 
of electromagnetic and electrostatic fields. As these fields are caused by 
an alternating current, their frequencies are the same as that of the alter¬ 
nating current producing them. The frequency of the alternating cur¬ 
rents used in communications ranges from hundreds of thousands of 
cycles per second to millions of cycles per second. It is physically 
impossible to construct a generator to rotate at the speed required to 
produce these high-frequency currents. Hence, radio transmitters 
depend on vacuum-tube oscillators to produce their high-frequency 
carrier currents. Vacuum-tube oscillators are as important to a radio 
transmitting station as the generator is to the power plant. 

An oscillator circuit is used in every superheterodyne receiver. 
This local oscillator is used to generate a stable r-f signal that is hetero- 
d 3 med with the incoming signal to produce an intermediate frequency. 
The basic local oscillator circuits will be considered in greater detail in a 
later part of this chapter. 
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Uses of Oscillators in Test Equipment The oscillator circuit is also 
used in radio test equipment such as the signal generator. The r-f 
signal generator is very useful in aligning the r-f tuned circuits, the oscil¬ 
lator (drcuit, and the i-f amplifier circuits of a radio receiver. The a-f 
signal generator is very useful in lo(;ating the source of rattles and buzzes 
in radio equipment. 

Use of Oscillators in Electronic and Industrial Equipment A sweep 
generator, which is a special form of oscillator circuit, makes it possible to 
deflect the spot of light across the screen of a cathode-ray tube at a uni¬ 
form rate. The oscillator circuit is therefore an essential part of practi¬ 
cally all types of electronic equipment employing a cathode-ray tube. 
Among the imposing list of apparatus using the cathode-ray tube are 
Ihe oscilloscope, television, radar, and numerous types of industrial 
control equipment. 

10-2. Types of Oscillator Circuits. Just as the uses of oscillator 
circuits are many and varied, so too are the types and kinds of oscillator 
circuits many and varied. It is beyond the scope of this text to discuss 
every type of oscillator circuit. However, in order that the reader may 
have some idea of the large scope of oscillator circuits, a brief outline 
description of the most important types used in radio and electronics will 
be given. The general discussion of the principles and the operation of 
oscillator circuits in this chapter will be limited to those types which are 
frequently used in the production of a-f and r-f oscillations in radio 
equipment. 

General Classifications of Oscillator Circuits. Vacuum-tube oscillator 
circuits may be broadly divided into two groups: (1) those circuits used 
to produce a nonsinusoidal wave; (2) those circuits used to produce a 
sinusoidal wave. 

Oscillators Producing Nonsinusoidal Waves. Oscillator circuits pro¬ 
ducing a nonsinusoidal wave are generally used as electronic timing and 
control circuits in television, radar, oscilloscope, and industrial control 
equipment. Nonsinusoidal voltages are generally produced by some 
form of relaxation oscillator circuit In this type of oscillator circuit, one 
or more voltages or currents change abruptly one or more times during 
each cycle of oscillation. The types of relaxation oscillator circuits most 
commonly used are: (1) Van der Pol, (2) multivibrator, (3) glow-tube 
discharge, (4) arc-tube discharge, (5) saw-tooth wave generators, (6) 
rectangular or square wave generators. 

Oscillators Producing Sinusoidal Waves. An oscillator circuit used to 
produce a sinusoidal voltage may come under any one of the following 
classifications: (1) negative resistance, (2) feedback, (3) heterodyne, 
(4) crystal, (5) magnetostriction, (6) ultra-high frequency. 
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A circuit element, usually a certain type of electronic tube, is said to 
possess negative resistance when at some portion of its operating charac¬ 
teristic the current flow through the circuit decreases with an increase in 
the voltage and vice versa. Any circuit having a negative resistance 
characteristic can be used as an oscillator. Upon first thought, feedback 
oscillator circuits might be considered as negative resistance oscillators. 
However, only those circuits having negative a-c resistance, even when 
not used in connection with an oscillatory circuit, are classified as negative 
resistance oscillators. The electric arc and the screen-grid tube possess 
this characteristic and therefore may be used in this type of circuit. 
The four types of negative resistance oscillator circuits most commonly 
used are (1) the dynatron, which makes use of the negative screen-grid 
resistance characteristic of a tetrode; (2) the transitron, which makes use 
of the negative transconductance characteristic of a pentode; (3) the 
push-pull circuit, which is a variation of the Eccles-Jordan trigger circuit; 
(4) the resistance-capacitance or resistance-tuned circuit, in which the 
frequency of oscillation is dependent upon the resistance and capacitance 
of the circuit.. 

The use of positive feedback and a tuned oscillatory circuit is the type 
of oscillator circuit most commonly used in communications circuits. 
The principles of operation of the various types of feedback circuits will 
therefore be considered in greater detail later in this chapter. As there 
are numerous circuits that may be used as feedback oscillators, it becomes 
difficult to name all of them. However, for the purpose of classification, 
it is necessary to list only the basic circuits, as all others are merely 
modifications of these circuits. The basic feedback oscillator circuits 
may be considered as follows: 

1. Tuned plate 

2. Tuned grid 

(а) Inductive feedback 

(б) Capacitive feedback 
(c) Tickler feedback 

3. Hartley 

4. Colpitts 

6. Complex types using more than one tuned circuit 
(a) Tuned-grid tuned-plate 
(&) Meissner 

(c) Tri-tet 

(d) Electron coupled 

6. Resistance-capacitance tuned 

The heterodyne or beat frequency oscillator consists of two vacuum- 
tube circuits that are made to oscillate at slightly different radio fre- 
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quencies. The output of these two oscillators is simultaneously applied 
to a common detector. By means of an r-f filter, the radio-frequency 
currents are removed and the output will be of a frequency equal to the 
difference of the two original frequency values. The heterodyne oscil¬ 
lator circuit is a convenient means of obtaining precise audio frequencies 
and is therefore commonly used in radio test equipment operating at 
audio frequencies. 

Crystal-controlled oscillators are used when the frequency of oscilla¬ 
tion must be maintained at a fixed value. The crystal is not used to 
produce oscillations but cont^’ols the output frequency of the oscillator 
with which it is used. Crystals and crystal-controlled oscillators are 
jmore fully described later in this chapter. 

The magnetostriction oscillator circuit is based on the principle that 
a change in magnetization will cause a magnetic material to expand or 
contract and, conversely, that a contraction or expansion of a magnetic 
material will cause a change in magnetization. A strong stable oscilla¬ 
tion having a frequency of the order of 10,000 to 100,000 cycles per second 
can be obtained from this type of oscillator circuit. 

The types of oscillator circuits used to generate audio- or radio-fre¬ 
quency currents or voltages cannot be used to produce ultrahigh-fre¬ 
quency currents or voltages. Various means are employed to obtain 
these ultrahigh frequencies, among which are (1) positive grid, (2) 
magnetron, (3) velocity modulation, (4) resonant cavities, (5) resonant 
lines. The theory and analysis of ultrahigh-frequency oscillators is 
beyond the scope of this text. 

10-3. The Amplifier as an Oscillator. Amplifier Action^ the OsciUch 
tor. The essential parts of a vacuum-tube oscillator are oscillatory 

or tank circuit, usually a parallel resonant circuit, (2) a vacuum-tube 
amplifier, (3) a feedback circuit. The vacuum-tube oscillator circuit is 
so arranged that a portion of the energy developed in the output (or 
plate) circuit is returned in the proper phase relationship to the input 
(or grid) circuit. The energy returned is amplified by the tube and a 
portion of the energy it develops in the plate circuit is then returned to 
the grid circuit. Each time some energy is taken from the output circuit 
it is regenerated in the input circuit. This cycle of operations is con¬ 
tinually repeated. Because of the amplifying properties of the tube, 
the energy in the output circuit will increase with each cycle of operation 
until the ma-yimuTn or saturation value of plate current has been reached 
(see Fig. 10-1). The value of the output plate current will depend upon 
the characteristics of the tube and the manner in which it is operated. 

As the energy consumed by the input circuit of an amplifier is con¬ 
siderably less than that in its output circuit, it is possible to have an 
amplifier supply its own input. An amplifier operated in this manner 
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will generate oscillations at a frequency that is determined by the elec¬ 
trical constants of the circuit. Furthermore, since the tube operates as 
an amplifier, the oscillator can be made to supply power to an external 
circuit in addition to supplying the circuit losses required to sustain 
oscillations. The tube thus acts as a power converter, changing the direct 



Fig. 10-1.—Illustration of how the oscillations in the tube circuit build up until the satu¬ 
ration value of the plate current is reached. 


current power supplied to its plate dreuit into alternating-current energy 
in the amplifier output circuit. \Kmay thus be seen that a tube cannot 
produce oscillations by itself and also that the function of the oscillator is 
not to create energy but to change direct current energy to alternating 
current energy. The combination of the vacuum tube and its associated 
circuits is called a vacuum-tube oscillator. 

Classification of Tube Operation. The vacuum-tube oscillator can 
be considered as an amplifier in which part of the output voltage is 
returned to the input circuit in such a manner that the tube drives 
itself. The tube may be operated as a Class A, B, or C amplifier. Class 
A operated oscillators are generally used in high-quality audio-frequency 
oscillators. Because of the high eflSciency and comparatively low dis- 
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tortion that is obtainable at high frequencies from Class C operation, 
radio-frequency oscillators are usually operated Class C. 

Oscillator Circuits. A number of circuits may be used to produce the 
required oscillations, each circuit having its own advantages and dis¬ 
advantages. The circuit used will depend upon the frequency and power 
required and its application. The oscillatory circuit may be in the grid 
circuit, the plate circuit, or both. The manner in which the energy is 
applied to the input circuit can be by either capacitive or inductive 
coupling. Capacitive coupling can be accomplished by use of an external 
circuit or by use of the interelectrode capacitances within a tube. Induc¬ 
tive coupling can be accomplished only by means of an external circuit. 

10-4. The Oscillatory Circuit. In the oscillatory circuit of the oscil¬ 
lator, electrical oscillations occur according to the fundamental laws 
governing capacitor and inductor actions. The oscillatory or alternating 
flow^ of electrons in the parallel resonant or tank circuit is caused by the 
rei>eated exchange of energy between the capacitor and inductor. 

The operation of the oscillator cinmit is explained with the aid of Fig. 
10-2. It is assumed that the capacitor is fully charged (Fig. 10-2a) and 
just starting to discharge (Fig. 10-26). As the capacitor discharges 
through the inductor, the flow of electrons (as indicated by the arrows on 
the wires connecting the capacitor and inductor) causes a magnetic field 
to be built up around the inductor. Electrons wdll continue to flow in this 
direction until the charges on the plates of the capacitor are equal to each 
other (Fig. 10-2c). At the instant that the rate of electron flow is zero 
the magnetic field about the inductor will start to collapse (Fig. 10-2d). 
According to Lenz’s law, the collapsing of the magnetic field will cause 
electrons to flow in the same direction as was used to produce the expand¬ 
ing field, thus causing the capacitor to become charged wdth a polarity 
opposite to its original charge. When the field about the inductor has 
completely collapsed, the energy that had been stored in its magnetic 
field will be transferred to the electrostatic field of the capacitor (Fig. 
l0-2e). 

Electron flow ordinarily ceases when the charge on the two plates of 
the capacitor are equal. However, due to effects of the collapsing mag¬ 
netic field, electron flow continues past this neutral point. This action 
of a parallel resonant circuit is sometimes referred to as the flywheel effect. 

The capacitor will now discharge and electrons will flow in a direction 
opposite to that used to charge the capacitor. This flow of electrons 
produces an expanding field about the inductor (Fig. 10-2/), until the 
difference in charge between the two plates is zero (Fig. 10-2gr). As 
before, the magnetic field collapses, thus causing the electrons to continue 
to flow in the same direction (Rg. 10-2A). When the energy stored in the 
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electromagnetic field has been transferred to the electrostatic field, the 
capacitor becomes fully charged in the opposite polarity. It is thus 
restored to its original state as in Fig. 10-2a. 



(e) (f) (g) (h) 


Fig. 10-2.—Oscillatory action of a parallel resonant circuit. 



Fig. 10-3.—Flow of electrons in a tank circuit, (o) Theoretical flow, (6) actual flow. 


This cycle of operations is repeated at a frequency that is dependent 
upon the values of the inductance and capacitance in the circuit. This 
frequency is approximately equal to the frequency of resonance of the 
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parallel circuit as expressed by 

f _ 159 
VLC 


(2-48) 


where fr == frequency of resonance, kilocycles 
L = inductance, microhenries 
C = capacitance, microfarads 

If the circuit is assumed to have zero resistance, each cycle of electron 
flow in the tank circuit will be similar to that shown in Fig. 10-3a. Thus, 
theoretically, a sustained alter¬ 
nating-current flow of constant 
magnitude is produced. As it is 
impossible to construct a circuit 
without some amount of resist¬ 
ance, some energy will be lost in 
the form of heat during each 
cycle. If no energy is supplied 
to replace this loss, the magnitude 
of each oscillation will diminish 
as shown in Fig. 10-36. It can 
thus be seen that a simple tank 
circuit by itself is not a practical moans of producing an alternating cur¬ 
rent of constant magnitude. 

10-6. Fxmdamental Oscillator Theory. In practical oscillator cir¬ 
cuits a vacuum tube and a power supply are used to provide the energy 
required to overcome the losses caused by the resistance in the circuit, 
thus producing an alternating current of constant magnitude. 

The fundamental oscillator circuit (Fig. 10-4) is capable of producing 
alternating currents of constant magnitude and constant frequency. 
The operation of this circuit is similar to most types of feedback oscilla¬ 
tors. In order to simplify the description of the operation of this oscilla¬ 
tor circuit, the action in each part will be presented individually. It 
must be kept in mind, however, that these actions are not independent 
of each other but are closely related, all occurring almost instantaneously. 

Analysis of the Fundamental Oscillator Circuit At the instant of 
closing the switch S (Fig. 10-4), the electrons being emitted from the 
cathode will be drawn to the plate. This causes a current to flow from 
the cathode to the plate, through the plate coil Lp, through the B powei 
supply, and back to the cathod^ As the current through Lp increases, a 
magnetic field builds up around the plate coil and, by mutual inductance, 
a voltage of increasing magnitude is induced in the grid coil, The 
grid and plate coils are connected in their respective circuits so that the 



Fiu. 10-4.—A fundamental oscillator circuit. 
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voltage induced in the grid coil will have a positive potential at the termi¬ 
nal connected to the grid of the tube when the current in Lp is increasing. 
Two immediate actions result from this positive voltage: (1) the voltage 
on the grid becomes positive, thereby increasing the amount of plate 
current flow; (2) the capacitor C in the tank circuit becomes charged. 
The increasing plate current produces an increase in the strength of the 
magnetic field about the plate coil, thus causing a greater voltage to be 
induced in the grid coil. This action makes the grid still more positive, 



thereby increasing the plate current still further. This action continues 
until saturation is reached (Fig. 10-5). The point of saturation will 
depend on the resistance of the circuit, the plate supply voltage, and the 
characteristics of the tube. As soon as the plate current ceases to 
increase, the field about the plate coil ceases, to expand and no longer 
induces a voltage in the grid coil. The tank capacitor C, having been 
charged to its maximum potential, starts to discharge through the grid 
coil. This decrease in voltage across the capacitor makes the voltage on 
the grid less positive thus causing the plate current to decrease, which in 
turn causes the magnetic field about the plate coil to collapse. A voltage 
will again be induced in the grid coil but will be opposite in direction to 
that produced by an expanding field. The voltage on the grid thus 
becomes negative, thereby decreasing the plate current still further. 
This action continues until the grid voltage is such that zero plate current 
flows, point C on Fig. 10-5. During the time in which the plate current 
has decreased from saturation current to cutoff, the tank capacitor has 
lost its original charge and has again become charged to its maximum 
potential, the plates now having a polarity opposite to that of the previous 
charged condition. As the induced voltage in Lo is zero when cutoff is 
reached, the capacitor will now start to discharge through the grid coil. 
This decrease in voltage across the capacitor makes the voltage on the 
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grid less negative, thus causing the plate current to increase and the 
magnetic field about the grid coil to expand. The voltage induced in 
the grid coil will make the grid more positive, thereby increasing the plate 
current still further until the saturation point is reached in the same 
manner as explained previously. This cycle of operations repeats itself 
continuously as long as energy is supplied to overcome the losses in the 
circuit. 

Output power can be obtained by inductively coupling the output 
coil Lo to the grid coil La (Fig. 10-4). Oscillating energy from the grid 
circuit can thus be transferred to the output circuit. In addition to 
supplying power to overcome the losses in the circuit, the B power supply 
must now also supply the f)owcr required by the output load. 



Fia. 10-6.—Two methods of connecting the grid-leak resistor and grid capacitor. 


10-6. Grid Bias. Need for a Grid-leak Resistor and Grid Capacitor. 
During part of each cycle of alternating current in the oscillator the grid 
is driven positive. In order to prevent the tube from drawing an exces¬ 
sive amount of plate current during this portion of the cycle, practically 
all oscillator circuits employ grid-leak bias. Two methods of connecting 
the grid resistor are shown in Fig. 10-6. 

Operation of Oscillator Circuits with Grid-leak Resistor and Grid 
Capacitor. When the oscillator of Fig. 10-Ca or 10-66 is started, the initial 
bias on the grid is zero. Thus, when positive voltage is applied to the 
grid, because of the expanding magnetic field about the plate coil, the 
grid will be driven positive. The flow of electrons in the grid circuit 
(caused by the positive grid) produces a voltage drop at the resistor Rg 
with point A negative and point B positive. The capacitor Cg will 
become charged to this polarity. The grid current flowing through the 
grid resistor thus causes the voltage on the grid to become negative. The 
plate current will then decrease thus causing the magnetic field about 
the plate coil to collapse. The cycle then continues as explained for the 
fundamental oscillator circuit. 

Graphical Representalion of the Oscillator Circuit Action. The manner 
in which the oscillations are produced is illustrated in Fig. 10-7. In 
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order to simplify the diagram, the dynamic characteristic curve of the 
oscillator tube, line AC, is assumed to be a straight line. Actually it is 
slightly curved. At the instant that plate voltage is applied, the plate 
current will start increasing at a rapid rate. However, the inductive 
reactance of the plate coil prevents the plate current from becoming 
maximum instantaneously. The tube is operated as a Class C amplifier 
with a grid bias whose value is twice the amount required to produce 
cutoff. The grid bias, being dependent upon the charge (and discharge) 
of the grid capacitor, will increase to its proper value according to the 



Fia. 10-7.—Use of the dynamic characteristic curve to illustrate the manner in which 

oscillations are produced. 

exponential curve xy, Fig. 10-7. It can be seen from Fig. 10-7 that the 
grid is driven slightly positive for a small part of each cycle. This is 
due to the flywheel effect of the tank circuit. During the interval that 
the grid is positive it acts as a diode plate and thus grid current will flow, 
thereby charging the grid capacitor. The time required for the grid bias 
to attain its maximum value is determined by the time constant of the 
Rg Cg circuit. 

Values of Cg and Eg. Any alternating voltage across the grid capaci¬ 
tor will vary the grid excitation voltage. In order to limit this voltage 
to a minimum, the value of the capacitor should be as large as practical. 
The maximum value of capacitance is, however, limited by the time con¬ 
stant desired. The time constant should be small enough so that the 
bias voltage cannot attain a value high enough to stop oscillations, in 



Art. 10-7] 


VACUUM-TUBE OSCILLATOR CIRCUITS 


457 


which case it is said that the tube has become blocked. The grid-bias 
requirements for the particular tube used will determine the value of 
the grid resistor. Therefore, in order to reduce the time constant, it 
becomes necessary to use a smaller value of grid capacitance. 

Effect of Cg and Rg vpon Grid Current, When the voltage on the grid 
is positive, current will flow in the grid circuit. This flow of current 
produces a power loss in the form of heat. As this power loss must be 
supplied from the power supply, the efficiency of the oscillator is decreased. 
Use of the grid resistor and gnd capacitor limits the amount of grid cur¬ 
rent flow, thus making the oscillator circuit more eflicient. 

Grid-leak Bias vs. Fixed Bias, In order to obtain high efficiency, 
the oscillator tube should be biased beyond the point of cutoff or operated 
as Class C. If fixed bias of an amount sufficient to produce cutoff were 
used, the initial plate current would be zero and thus there would be no 
power input to the plate coil to start oscillations. Using a grid-leak 
resistor and grid capacitor, the initial grid bias will be zero. The plate 
current flow will immediately start oscillations and automatically build 
up the bias to its ultimate operating value. Thus if the oscillator circuit 
is to be self-starting, it is essential that grid-leak bias be used., 

10-7. Basic Oscillator Circuits. Hartley Oscillator, ^ The Hartley 
oscillator requires very little apparatus and is therefore one of the simplest 
types of oscillator circuits./ The circuit arrangement for two forms of 
the Hartley oscillator is shown in Fig. 10-8. The operation of each of 
these two forms is identical except for the manner in which the d-c power 
is supplied to the j)late. As in the fundamental oscillator circuit just 
described, the amplified energy in the plate circuit is fed back to the grid 
circuit by means of inductive coupling. However, in the Hartley oscil¬ 
lator only one coil is used. A portion Lp of this coil is in the plate circuit, j 
and the remainder L<? is in the grid circuit. The amount of inductive i 
feedback between these two sections of the common coil will depend on, 
the number of turns in sections Lp and La. Increasing the number of 
turns in the plate section increases the voltage induced in the grid section, 
thus increasing the amount of feedback. 

The alternating current in the plate section of the coil induces a 
voltage in the grid section. This induced voltage is applied to the grid 
of the tube, is amplified, and again applied to the plate section. The 
plate and grid voltages are 180 degrees out of phase with each other as 
they are taken from opposite ends of the coil with respect to the common 
lead connected to the cathode. 

In the circuit shown in Fig. 10-8a, the plate power supply is connected 
in series with the plate section and is called a series-fed circuit. The 
voltages across the tuning capacitor and the inductor (terminals 1 and 3) 
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will be approximately equal to the plate power supply voltage. In order 
to avoid the danger of high plate voltages appearing across these two 
circuit elements parallel feed is generally used. 

An example of parallel feed is shown in Fig. 10-85. Because the 
plate circuit is divided into two parallel branches, one to provide a path 
for the direct current and the other for the alternating current, it is 
called a parallel- or shunt-fed drcuiL The r-f choke coil keeps the 
alternating current out of the d-c circuit, and the blocking capacitor Ch 
keeps the direct current out of the a-c circuit. In order for most of the 
r-f current to flow through the plate section Lp instead of through the 
plate power supply, the reactance of the blocking capacitor at the rcso- 




Fig. 10-8.—Hartley oscillator circuits, (a) A series-fed circuit, (b) a parallel-fed circuit. 

nant frequency should be very small in comparison with the reactance of 
the choke coil at the same frequency. 

The frequency of the output of the oscillator is equal to the frequency 
at which the voltage in the plate circuit is fed back to the grid circuit. 
In oscillator circuits employing a resonant circuit, the frequency of oscil¬ 
lation is approximately equal to the resonant frequency of the tank cir¬ 
cuit. The frequency of oscillation of the circuits shown in Fig. 10-8 is 
thus equal to the resonant frequency of the parallel circuit formed by the 
tuning capacitor C and the entire inductor. La plus Lp. 

Of the various types of self-excited oscillators, the Hartley oscillator 
is the one most generally used. However, this circuit is seldom used 
exactly in either of the two forms shown in Fig. 10-8 as many modifica¬ 
tions have been made in order to adapt the basic circuit to meet the 
individual requirements for each of its applications. Two of the modi¬ 
fications are shown in Fig. 10-9. The circuit shown in Fig. 10-9a is used 
in some superheterodyne receivers. Use of mutual inductance coupling 
is made by employing the circuit shown in Fig. 10-96. The excitation 
voltage for the grid is obtained by the mutual inductance between the 
grid and plate coils. 
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The Colpitis Oscillator. Another basic type of oscillator circuit is 
the Colpitts or capacitive feedback oscillator. In this circuit, the feed¬ 
back of energy from the plate circuit to the grid circuit is accomplished by 
means of electrostatic coupling. The circuit arrangement for the Colpitts 
oscillator is shown in Fig. 10-10. Except for the manner in which feed¬ 
back is obtained, this circuit is similar to the parallel-feed Hartley oscil¬ 
lator. In the Colpitts oscillator the tank voltage is divided into two 
parts by tapping the tank capacitor, or rather by connecting two capaci¬ 
tors in series, instead of the inductor. The grid excitation voltage is 



obtained from the grid tank capacitor Cg. The plate and grid voltages 
are 180 degrees out of phase with each other, since they are taken from 
opposite ends of the tank circuit with respect to the common lead con¬ 
nected to the cathode. Although the use of parallel feed is optional 
(though preferable) in the Hartley circuit, it is obvious that it is neces¬ 
sary in the Colpitts circuit because of the high voltage obtainable at the 
tank capacitor Cp. 

The operation of this circuit is similar to that of the parallel-feed 
Hartley oscillator. As plate current starts to flow, the plate blocking 
capacitor Cb starts to charge, which in turn also causes the plate tank 
capacitor Cp to charge. This increase in voltage is transferred to the 
grid tank capacitor Co, through the r-f choke, causing the terminal con¬ 
nected to the grid to become more negative. When the feedback voltage 
causes the plate current to decrease, less energy will be stored in the plate 
tank capacitor, thus reversing the direction of the feedback voltage. 
As this action continues, sustained oscillations will be produced. 

It must be remembered that the capacitance of the tank circuit is 
equal to the resultant capacitance ^ Cp and Co in series. By varying 
the capacitance of Cp and/or Ca the^oltage across the tank circuit may be 
divided to produce the voltage drop required across Co for proper grid 
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excitation. Increasing the reactance of the grid tank capacitor will 
increase the voltage across it. 

In order to vary the frequency of oscillation two adjustments, Cp and 
Cof are usually made in the Colpitts circuit. It is therefore less conven- 



Fig. 10-10.—The Colpitts oscillator circuit. 


lent to operate the Colpitts circuit as a variable-frequency oscillator than 
the Hartley circuit, which requires only a single adjustment. In multi¬ 
band receivers the Colpitts oscillator has a distinct advantage in that the 
tank coil has no tap, therefore one less coil circuit needs to be switched 

each time the receiver is shifted to 

__ I SW ' ^ different wave band. The Col- 

^ pitts circuit is also used in the 

)f J ( ) operation of many push-button- 

) jp I \ Ay tuned receivers. 

o ^— \ ^ A modified form of the basic 

Lg i Q»- ' Colpitts oscillator is illustrated in 

g •— - • ~ l|l|l|l[^-* Fig. 10-11. This circuit em- 

ploys both capacitive and induc- 

_] tive feedback. The plate tank 

Fia. 10-11.—A modified Colpitts oscillator capacitor Cp provides the capaci- 

tive feedback and the plate sec¬ 
tion Lp of the inductor provides the inductive feedback. It is possible 
to obtain fairly uniform output from this oscillator over a wide frequency 
range by the proper selection of circuit elements. 

Tuned-grid Tuned-plcde Oscillator. Capacitive feedback is also used 
in the tuned-grid tuned-plate oscillator, sometimes abbreviated T-G T-P 
oscillator. The circuit arrangement for this type of oscillator is shown in 
Fig. 10-12a. Capacitive feedback is obtained by utilizing the grid- 
plate capacitance Cap of the tube. Usually this capacitance is a nuisance, 
but this is one of the few circuits in which it is used to advantage. Two 
parallel resonant circuits are required, one in the grid circuit of the tube 
and the other in the plate circuit. No inductive coupling should exist 
between the coils in these two circuits. The frequency of oscillation is 
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depondont on the resonant frequency of each of the tuned circuits, there¬ 
fore the name tuned-grid tuned-plate oscillator. 

The operation of the tuned-grid tuned-plate oscillator may be more 
easily understood by rearranging the schematic; diagram into the equiva¬ 
lent circuit form shown in Fig. 10-126. The eciuivalent circuit is simpli¬ 
fied by showing the interelectrode capacitance Cup connected across the 
resonant circuit instead of across the grid and plate of the tube as shown 
in Fig. 10-12a. This simplification is possible because Cg and Cby which 
act in series with the interelectrode capacitance Cgp to form the feedback 
circuit, may be neglected, since they are much larger in value than Cgp, 



I'^ia. 10-12.—Tuned-grid tuned-plate parallel-feed oscillator circuit, (a) Schematic 
diagram, (6) equivalent circuit. 

In order for the system to oscillate, the plate circuit should be tuned 
to a slightly lower frequency than the grid circuit. The resultant induc¬ 
tive reactance of the two tuned circuits will then resonate with the inter- 
electrode capacitive reactance. The oscillator circuit thus formed is 
similar in many respects to the Hartley circuit. The frequency of the 
tuned-grid tuned-plate oscillator is determined by the tuned circuit 
having the highest value of Q, 

The frequency stability and the voltage amplification of the tuned-grid 
tuned-plate oscillator is comparatively high because of the high imped¬ 
ance of the parallel resonant plate load. Varying the resonant frequency 
of either of the tuned circuits will vary the amount of feedba(;k, thus 
increasing or decreasing the amplitude of the oscillations. In practice, 
the frequency of oscillation is usually controlled by varying the resonant 
frequency of the plate tuned circuit, and the amount of grid excitation is 
controlled by varying the resonant frequency of the grid tuned circuit. 
The plate circuit is designed to deliver the required power output. The 
properties of the grid tuned circuit are not too important, providing the 
desired frequency range can be obtained. The plate power supply of 
the tuned-grid timed-plate oscillator may be either series fed or parallel 
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fed. The tuned-grid tuned-plate circuit is used to some extent in high- 
frequency oscillators. 



Fig. 10-13.—Tuned-grid tuned-plate series-feed oseillator circuit. 

10-8. Circuit Considerations. Effect of the Tank Cirevit on the Ampli¬ 
tude Stability. If the amplitude of the output of an oscillator is unstable 
the wave form will be distorted thus producing undesirable harmonics. 
From the previous discussion it can be seen that an oscillator tube gen¬ 
erally operates as a Class C amplifier delivering power during less than 
one-half of the input cycle. Under this condition, the plate current 
variation will not produce a sine wave, and a tank circuit (parallel reso¬ 
nant circuit) is added in order to obtain an approximate sine-wave output. 
In order to have an output of approximately sine-wave form, it is neces¬ 
sary that the tank circuit store energy during the portion of the cycle in 
which the tube is delivering power and to deliver this stored energy to the 
load during the portion of the cycle in which no power is being delivered 
by the tube. 

Effect of the Tank Circuit Q on the Wave Shape. The tank circuit 
consists of a capacitor and an inductor connected in parallel. The 
resistance of the inductor may be considered as a resistance in series with 
the inductance and the Q of the tank circuit is equal to the ratio of the 
inductive reactance to the resistance as expressed by Eq. (2-58). When 
the tank circuit Is supplying power to a load the effect is similar to increas¬ 
ing the series resistance of the tank circuit and consequently reduces the 
value of Q. The Q of the circuit when supplying power is referred to as 
the effective Q and is designated as Qeff. The factor is also a measure 
of the ratio of the energy stored during each cycle to the energy dissipated 
during each cycle [see Eq. (10-16a)]. Thus an increase in the value of 
Qeff indicates an increase in the amount of energy stored. Furthermore, 
the ability to carry each cycle past its neutral point (flywheel effect) can 
be increased by increasing the effective Q of the tuned circuit. 

In order to obtain a satisfactory wave shape at the output of an 
oscillator (or a Class C amplifier), it is necessary that the amount of 
energy stored during a portion of each cycle appreciably exceeds the 
amount of energy dissipated during the remainder of the cycle. Experi¬ 
ence has shown that tlxe value of should be in the order of 10 to 30. 
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Under this condition, the amount of energy stored per cycle will be 
approximately 2 to 5 times the amount of energy dissipated per cycle. 
When Qeff has a value of 12.5 the harmonic content of the output wave is 
approximately 3 per cent. Decreasing the value of Qeff causes an increase 
in the amount of distortion, while increasing the value of Qeff produces a 
more nearly sinusoidal output wave. It should be noted, however, that 
a high value of Qeff results in a high value of tank circuit current, thereby 
increasing the losses and reducing the efficiency of the tank circuit. 

Efficiency of the Tank Circvit. The efficiency of the tank circuit may 
be expressed as the ratio of the power delivered to the load to the power 
delivered to the tank circuit. This may be expressed in terms of the 
circuit Q as 

Efficiency = x 100 (10-1) 

where Q = tank circuit Q at no-load 
Qeff = tank circuit Q with load 

Example 10-1. ''fhe tank circuit of an r-f amplifier, used in conjunction with the 
oscillator of a radio transmitter, has a circuit Q of 85 at no-load and an effective Q of 
12 when load is applied. Wliat is the efficiency of the tank circuit? 


Given: 

<2-85 
Q«ff = 12 

Solution: 

Efficiency = 9- x 100 


Find: 

Efficiency 


85 - 12 
85 


X 100 = 85.8 per cent 


Analysis of the Tank Circuit The preceding discussion amply shows 
the importance of the tank circuit. There are a number of important 
considerations in the study of the tank circuit, such as the frequency, 
impedance, current, power, and energy stored. 

The tank circuit should be adjusted so that its resonant frequency 
corresponds to that of the oscillator. For the values of Q commonly used 
with these circuits, the results obtained by use of Eq. (2-48) are suffi¬ 
ciently accurate for general purposes. Accordingly, Eqs. (2-49) and 
(2-50) may be used for finding the values of the inductance and capaci¬ 
tance required in the tank circuit. 


Vlc 


L = 


25,300 

fr^C 

25,300 

PL 


(2-48) 

(2-49) 

(2-60) 
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As the resistance of the tank circuit is small compared to the inductive 
reactance, a sufficiently accurate value of the impedance (at resonance) 
can be obtained by use of Eq. (2-56). 

Zr-r = QXt = ^ (2-56) 


As Xl = Xc&t resonance, then 


^ = A 

R R 2rrfrCR CR 


(10-2) 


The voltage at the tank circuit will be approximately equal to the 
alternating component of the plate voltage Ep. It may also be expressed 
as 


Et = IpZ,r 


(10-3) 


Correspondingly, the tank circuit current may be expressed as 


Itr 


Xl - Xt 


(10-4) 


An approximate value of the tank circuit current can also be found by 
use of Eq. (2-57) 

Ii.r = U = Ic = QIp (2-57) 

At resonance the power delivered to the tank circuit (output load plus 
tank circuit losses) may be expressed as 

Ptr = Iv^Xl = ^ ^ (10-5) 

Example 10-2. The tank circuit of the oscillator in a certain radio receiver has the 
following circuit values: L =*80/ih, C =* MMf, Q«ft = 20, Et =* 10 volts. Find 

(a) the value of capacitance when the oscillator is adjusted to a resonant frequency of 
1000 kc, (b) the impedance of the tank circuit at resonance, (c) the plate current 
required to produce the desired voltage at the tank circuit, (d) the current in the tank 
circuit, (e) the power supplied to the tank circuit. 

Given: 

L *= 80Mh 
C « 86^6 MMf 
Qefl « 20 
Et “ 10 volts 

fr =* 1000 kc 

Solution: 

<“) 0.000316 Mf or 316 MMf 

(b) Zur - QmXl - 20 X 6.28 X 10* X 80 X lO"* - 10,048 ohms 

(c) Ip ^ “ 0.000995 amp or 0.996 ma 

£it.r lU,U4o 

W It - Qatlp - 20 X 0.996 - 19.9 ma 
(e) P - EpI, - 10 X 0.000996 - 0.00996 watt 


Find: 

(o) C - ? 
(6) Zt.r = ? 
(C) /,-? 

(d) /. 

(e) P«-7 
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Energy Stored in the Tank Circuit An analysis of the tank circuit 
will show that the amount of energy stored will increase with an increase 
in the value of cither the capacitance or the voltage. The total energy 
stored in a tank circuit is equal to the sum of the energy stored in the 
inductor and in the capacitor. From Eqs. (2-3) and (2-18) 



Cet^ 

2 


( 10 - 6 ) 


where Wt = total instantaneous energy stored in the tank circuit, watt- 
seconds 

it = instantaneous value of the current flowing in the oscillatory 
or tank circuit, amperes 

Ct = instantaneous value of the voltage across the tank circuit, 
volts 

L = inductance of the tank coil, henries 

C == capacitance of the tank capacitor, farads 
For all practical purposes the voltage across the tank circuit can be 
considered as being equal to the alternating voltage output of the tube. 
Then 




(10-7) 


When the energy stored in the tank circuit is sufficient to reduce the 
harmonic distortion to a negligible amount 

Cp = Ep.fn sin 6 (10-8) 

where 6 = 2irft 

t = time, seconds 

As the resistance of a properly designed tank circuit is very small in 
comparison to either of its reactances, it can generally be ignored in 
considering the impedance of either branch. The current in the tank 
inductor lags the applied voltage and can be expressed as 



, Ep,fn n 

•■= w' * 

(10-9) 

Substituting Eqs. (10-8) and (10-9) in Eq. (10-7) 




(10-10) 

At resonance 

~ 2ir/,C 

(10-11) 

and 

r _ 1 

^ Ofr)*C 

(10-12) 
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Substituting this value of L in K(i. (10-10) 

rv 2 CF 2 

^ ^ Q ( 10 . 13 ) 

CF 2 

or Wt = (cos^ 6 + sin'-^ 6) (10-13a) 

However, from trigonometry, eos^ d + sin- 0 = 1 

and W, = (10-13h) 

where Wt = energy stored in the tank circuit per cycle 
Also Ep.m = a/2 Ep and Ep.tn^ = 2Ep^ 

Thus 

Wt = CEp^ (10-13r) 


It can be seen from Ecp (10-13r) that the total energy stored in the 
tank circuit can be increased by using a higher value of capacitance. 
In order to maintain a fixed value of frequency, an increase in the value 
of capacitance must be accompanied by a decrease in the value of induct¬ 
ance, therelDy reducing the L/C ratio. An increase in the value of the 
capacitance (and a decrease in the value of the inductance) will result in 
a lower value of reactance at the fixed value of resonant frequency. 
From Eq. (10-5) it can be shown that the effective Q of the tank circuit 
increases with a decrease in the reactance; this is characteristic of a 
loaded tank circuit and should not be confused with the no-load value of 
Q, which decreases with a decrease in the reactance. Thus, an increase in 
the value of capacitance increases the amount of energy stored, decreases 
the L/C ratio of the tank circuit, and increases the effective Q of the tank 
circuit. 

Increasing the effective Q of the tuned circuit increases its impedance 
[see Eq. (2-56)], thereby increasing the value of the varying plate 
voltage output of the oscillator tube. This increase in plate voltage will 
further increase the total energy stored [Eq. (10-13c)]. However, an 
increase in the voltage applied to a tuned circuit increases the value of the 
circulating current, thus increasing the PR losses and reducing the overall 
efficiency of the oscillator circuit. It is therefore good practice to limit 
the L/C ratio to the value required to produce a satisfactory sinusoidal 
output. 

Relation of Qm to the Ratio of Energy Stored to Energy DissipeUed. 
It has previously been stated that the value of is also a measure of 
the ratio of the energy stored during each cycle to the energy dissipated 
during each cycle. This can now be shown as follows. In the same 
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manner in which Eq. (10-13c) was developed, it can be shown that 

W, = Llt^ (10-141 

The energy dissipated in the tank circuit per cycle may be expressed as 

I.^K^ 


W, = 


fr 


(10-16) 


where Wd = energy dissipated in the tank circuit per cycle 

7?eq = equivalent series resistance of the tank circuit when loaded. 
The ratio of energy stored per cycle to energy dissipated per cycle may 
then be expressed as 


hJnergy stored per cycle _ Wt 
Energy dissipated per cycle Wd 


-Mil 

fr 


frL 


(10-16) 


(10-16a) 


Multiplying both the numerator and the denominator by 2t 

Energy stored per cycle _ 27rfrL __ 

Energy dissipated per cycle 2tR^ ”” %r 

Example 10-3. (a) What is the amount of energy stored per cycle in the tank 

circuit of Example 10-2? (6) Determine the value of from the values of Qeff and 

Xl in Example 10-2. (c) What is the amount of power dissipated by the tank cir¬ 

cuit? (d) What is the amount of energy dissipated per cycle? (e) What is the ratio 
of the energy stored per cycle to the energy dissipated per cycle? (/) Check the result 
of part (e) by use of Eq. (10-16a). 


Wt « ? 

/Jea = ? 
- ? 
Wd = ? 

El - ? 

Wd 
Wd 


Given: 

Find: 

Et « 10 volts 

(o) 

C = 316 fi/if 

(6) 

Qeff = 20 

(c) 

L * 80 Mh 

id) 

Sr » 1000 kc 

(A 

It SB 19.9 ma 

\fiJ 


if) 


? 


Solution: 

(а) 

( б ) 

(c) 

id) 

(e) 

if) 


Wt « CEt^ « 316 X 10-1* X 10* = 316 X IQ-i® watt per cycle 
, _ ^ ^ 6.28 X 10« X 80 X 10- _ ^ 

Pdi. - « (19.9 X 10-)* X 25.12 = 9947 X 10- watt 

TTi - ^ “ 99.47 X lO-*' watt per cycle 

W, 816 X lO-'o 

Wi 


R. 


99.47 X 10-‘« 

■ar" 6:28 


3.17 
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Excitation Voltage. The excitation voltage required to drive the 
oscillator tube will depend upon the characteristics of the tube, the losses 
in the circuit, and the power consumed by the load. As the excitation 
voltage is dependent upon the varying output plate voltage, it will also 
be affected by changes in the operating potentials of the tube. It can 
be shown that the varying plate voltage is also dependent upon the 
effective Q of the tank circuit, and thus any changes in the tuned circuit 
will also affect the excitation voltage. 

If the excitation voltage is too low the tube will not oscillate, and if it 
is too high it will increase the amount of positive grid. The power 
consumed by the grid will then be excessive and will decrease the overall 
efficiency of the oscillator. 

Power Output. In radio receivers oscillator tubes operate as 
voltage amplifiers and the power output and efficiency are not important. 
Oscillator tubes in radio transmitters operate as Class C power amplifiers. 
The operating circuit considerations for voltage and power amplifiers 
previously studied will also apply to oscillators. 

The power output of an oscillator is the useful a-c power consumed by 
the load connected to it. This load may be coupled by means of capaci¬ 
tive, inductive, or electron coupling. The frequency and amplitude 
stability of an oscillator will be affected by changes in the power taken by 
the load. In order to maintain a high degree of stability, oscillator 
circuits are very seldom designed to deliver large amounts of power. 
When large amoimts of power are required tne oscillator circuit is used to 
drive a power amplifier, which in turn produces the desired amount of 
power output. Most oscillator circuits are theretore used as a frequency 
controlling device delivering a small amount of powei at a comparatively 
high voltage. 

The maximum power output of an oscillator will occur when the 
effective resistance of the plate load, usually the tuned circuit, is equal to 
the plate resistance of the tube. However, as oscillator tubes are gen¬ 
erally operated as Class C amplifiers, the plate resistance will vary appre¬ 
ciably over the entire cycle. When the plate voltage is high the plate 
resistance is low, and when the plate voltage is low the plate resistance 
will be high. The equation for maximum power transfer will therefore 
be quite complex, thus making it rather difficult to calculate the exact 
values of the circuit constants required to obtain maximum power 
transfer. 

Efficiency. The plate efficiency of the oscillator tube depends upon 
its operating characteristics such as the load, plate resistance, excitation 
voltage, etc. By operating the tube as a Class C amplifier it is possible 
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to increase the plate efficiency of the tube and thus also increase the over¬ 
all circuit efficiency. 

In Class C operation it is possible to operate a tube with a higher plate 
voltage and thus a greater power output can be obtained. As the plate 
voltage is in(;rcased the plate current also increases, thus increasing the 
plate dissipation. However, a higher efficiency and higher power output 
is obtainable as the power output increases at a greater rate than the 
plate dissipation. Furthermore, it is possible to limit the plate voltage 
so that the allowable plate dissipation of the tube is not exceeded and 
still obtain a higher efficiency and higher power output. 

The power lost in the grid will vary, the loss being between 10 and 20 
per cent of the output power. As this loss must be supplied by the 
oscillator^s power supply, the overall efficiency will be less than if the tube 
were being operated as an amplifier. 

10-9. Frequency Stability. Factors Affecting the Frequency Stahility, 
The ability of an oscillator to maintain a constant frequency in the pres¬ 
ence of variable operating conditions is referred to as its frequency sta¬ 
bility. Because of the small difference in fre(|uency of adjacent radio 
broadcasting channels, it is evident that the carrier frequency of these 
stations must be held to a very close toleran(‘.e. At present the allowable 
variation in frequency for broadcasting stations is plus or minus 20 cycles. 
In a radio rec.eiver, any variation in the output frequency of its local 
oscillator will vary the beat frequency that is applied to the i-f amplifier. 
In order to obtain the maximum voltage amplification with a minimum 
of distortion the best frequency and the frequency to which the i-f 
circuit is tuned should be identical. The factors affecting the frequency 
stability of an oscillator are (1) plate voltage, (2) output load, (3) tem¬ 
perature, (4) mechanical variation of the circuit elements. 

Plate Voltage and Output Load. Any variation in the operarting volt¬ 
ages applied to the tube will vary the operating characteristics, thus 
causing a shift in the output frequency of the oscillator. This type of 
frequency change is referred to as dynamic instability. The operating 
voltages can be stabilized by the use of a regulated power supply. 

Any variation in the plate load will affect the frequency of an oscil¬ 
lator in a similar manner as changes in plate voltage. Dynamic instabil¬ 
ity caused by a variable load can be reduced by the use of (1) electron 
coupling, (2) a buffer amplifier, (3) a tank circuit having a high effective 
Q. The election-coupled oscillator will be taken up later in this chapter. 
The use of the buffer amplifier applies to transmitters and will be taken 
up in Chap. XIII. Since the tube and load represent a comparatively 
low resistance in parallel with the tank circuit, the dynamic instability 
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can be reduced by using a tuned circuit having a high effective Q and a 
low L/C ratio. Dynamic instability can also be reduced by increasing the 
effective resistance that the tube reflects to the tank circuit. This can 
be accomplished by using a higher value of grid-leak resistor, thus increas¬ 
ing the grid bias. 

Temperature and Mechanical Variations, The expansion and con¬ 
traction of the elements in a tulxi due to temperature changes will cause 
the interelectrode capacitances to vary accordingly. As these capaci¬ 
tances are part of the tuned circuit, the frequency of oscillation will be 
affected. 

Temperature changes will also slightly affect the values of the tank 
coil and inductor, causing an additional shift in the resonant frequency. 
Because the effects of temi)erature change are comparatively slow in 
operation, the frequency change is referred to as drift. The obvious 
means of minimizing the amoimt of drift are by the use of (1) adequate 
ventilation, (2) a coil wound with large wire, (3) a low direct input voltage. 
Use of any of these methods will reduce the temperature of the oscillator 
unit, thus reducing the amount of drift. The variations in the interelec¬ 
trode capacitances of the tube will have very little effect when they are 
shunted by a large value of capacitance. It is thus possible to reduce 
the amount of drift by using a large value of capacitance in the tank 
circuit thus producing a high C/L ratio. 

Mechanical vibration of the circuit elements such as tubes, capacitors, 
and inductors also causes their values to vary. These changes in the 
values of inductance and capacitance will cause the resonant frequency 
to vary with the mechanical vibration. Instability due to mechanical 
vibration can be minimized by isolating the oscillator from the source of 
mechanical vibration. 

10-10: Crystals. Uses of Crystals, The frequency of oscillation of 
the oscillator circuits previously discussed is controlled by the electrical 
constants of the circuit. Such oscillators are called self-controlled 
oscillators. Because the values of the circuit elements will be affected by 
the operating conditions, the frequency of oscillation of all self-controlled 
oscillators has a tendency to drift. There are a number of applications 
of oscillator circuits where the frequency of oscillation must be main¬ 
tained at a fixed frequency or at several definite frequencies. Some of 
these applications are (1) transmitters, (2) time-signal receivers, (3) 
police-car radio receivers, (4) military, navigation, and aircraft com¬ 
munication apparatus, (5) test equipment used for calibration purposes. 
In order to maintain the output frequency of an oscillator at a constant 
value a crystal may be used to control the frequency of oscillation. 
This type of oscillator circuit is called a crystal-controlled oscillator. 
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Characteristics of Crystals. When certain crystalline materials are 
placed under a mechanical strain, such as compression or expansion, an 
electrical difference of potential will be developed across opposite faces 
of the crystal. This action is called the piezoelectric effect. Conversely, 
when a voltage is impressed across opposite faces of this type of crystal 
it will cause the crystal to expand or contract. If the voltage applied is 
alternating, the crystal will be set into vibration. The frequency of 
vibration will be equal to the resonant frequency of the crystal as deter¬ 
mined by its structural characteristics. When the frequency of the 



Z 

(a) 


Fia. 10-14,—Quartz-crystal axes, (a) Symmetrical quartz crystal, (6) electrical axes, 

(c) mechanical axes. 

applied voltage is equal to the resonant frequency of the crystal, the 
amplitude of vibration will be maximum. Because of its piezoelectric 
effect, a high-quality crystal can maintain the frequency of oscillation so 
that the variation in frequency will be less than one part in a million. 

Piezoelectric effects may be obtained from Rochelle salts, tourmaline, 
and quartz. Although, theoretically, any one of these crystals can be 
used, for practical reasons quartz is the one most commonly used. The 
voltage set up in a Rochelle-salt crystal is much greater than would be 
set up in a quartz crystal; however, it is much weaker mechanically and 
is more likely to break. Tourmaline is mechanically stronger than quartz 
but because it is much less sensitive electrically it is only used for very 
high-frequency applications where quartz crystals must be ground so 
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thin as to make its use impractical. Othei advantages of quartz are its 
low cost and the fact that it is available in comparatively large quantities. 

Characteristics oj QaarU Crystals. Quartz crystals in their natural 
state assume the general form of hexagonal prisms with each end sur¬ 
mounted by a hexagonal pyramid (see Fig. 10-14a). Each crystal has 
three principal axes: (1) Z or optical axis, (2) X or electrical axis, (3) Y or 
mechanical axis. The axis joining the two points at the ends of the 
crystal is called the Z or optical axis. No piezoelectric effects are pro¬ 
duced when electrostatic charges arc applied in this direction. The 
X axes join opposite points of the hexagonal prism and each axis is paral¬ 
lel to one pair of sides of the hexagon and perpendicular to the optical 



z z 

(cl, (b) 


Fia. 10-15.—Methods of cutting a quartz cr>stal. (o) X-cut, (5) F-cut. 

axis. The X axes are called the electrical axes because the greatest 
amount of piezoelectric effect is produced along this axis. The Y axes 
join opposite sides of the Hexagonal prism and are perpendicular to the 
Z axis and the flat sides that it joins, hlach Y axis is also perpendicular 
to an X axis. The Y axis is called the mechanical axis. Each crystal 
will therefore have one Z axis, three X axes, and three Y axes (see Fig. 
10-14). 

Crystals used for electronic purposes are cut into thin plates. When a 
plate is cut so that the flat surfaces are perpendicular to an X axis (Fig. 
10-15o), it is called an X-cut crystal. A plate cut so that its flat surfaces 
are perpendicular to a F axis (Fig. 10-156), is called a Y-cut crystal. 

Temperature Coefficient. The resonant frequency of a crystal will 
vary with temperature changes. The number of cycles per 

million cycles for a one degree centigrade change in temperature is called 
the temperature coefficient. An Z-cut crystal has a negative temperature 
coefficient and thus an increase in temperature will cause the resonant 
frequency to decrease. A F-cut crystal has a positive temperature 
coefficient and thus an increase in temperature will cause the resonant 
frequency to increase. 
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Two methods are employed to stabilize the resonant frequency of a 
crystal: (1) enclosing the crystal in a thermostatically controlled con¬ 
tainer, (2) varying the angle of cut of the crystal in order to obtain a zero 
temperature coefficient. As an X-cut crystal has a negative tempera¬ 
ture coefficient and a F-cut crystal a positive temperature coefficient, 
a crystal having a zero temperature coefficient can be obtained by cutting 
the crystal at the proper angle between the X and F axes. This type of 
crystal is called an XY cvL Because of the inherent irregularities in the 
natural structure of a crystal, the lengths of all the X axes, or F axes, are 
not equal to each other. In an XF-cut crystal it is thus possible to have 
two resonant frequencies very close to each other. This type of crystal 



10-16.— Crystal cuts havinR zero temperature coeflBcient. (a) AT- and BT-cuts 
(b) DT-cut, (c) GT-cui. 


is not very practical, as it has the tendency to change its frequency 
abruptly. 

Practical crystals having a zero temperature coefficient have been 
obtained by rotating the cutting plane about the X axis and cutting the 
crystal at an angle to the Z axis. Crystals obtained by cutting at an 
angle to the Z axis are called AT, BT, CT, DT, and GT cuts. The AT 
cut is obtained by rotating the cutting plane about 35 degrees in a clock¬ 
wise direction, and the BT cut by a rotation of about 49 degrees in a 
counterclockwise direction (see Fig. 10-16a). The CT cut is made at 
approximately right angles to the BT cut, and the DT cut is made at 
approximately right angles to the AT cut (see Fig. 10-166). These four 
types of crystal cuts have a zero temperature coefficient at only one tem¬ 
perature. A crystal having a zero temperature coefficient over a wide 
range of temperature is obtained by rotating the principal axes of a, CT 
OT DT crystal by 46 degrees (Fig. 10-16c). This type of crystal is called 
a GT cut. 

Frequency—Thickness Ratio, The length and width of a crystal is of 
relatively minor importance, as crystals are generally cut so that the 
resonant frequency is determined mainly by its thickness. The fre- 
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quency of vibration will vary inversely with the thickness as expressed by 

/ = * (10-17) 

where / = frequency, kilocycles 
t = thickness, inches 
k = 112.6 for X-cut 
= 77.0 for F-cut 
= 6G.2 for A T-cut 

Example 10-4. What is tho thioknoss of a crystal whose resonant frequency is 
1000 kc, when (a) A'-ciit? {h) F-cut? (c) A IT-cut? 

Given: Find: 


/ = 1000 kc 


(а) t for X-cut 

(б) t for y-cut 
(c) t for AT-cut 

Solution: 

* f 


(а) t = 3 ^ = 0.1126 inch 

(б) ..^- 0:077inoh 

(c) t = = 0.0662 inch 





From Example 10-4, it can be seen that for a given frequency the 
X-cut crystal is thicker and thus mechanically stronger than either the 
F- or A T-cut crystals. 

At the very high frequencies, the crystal required becomes too thin 
for practical use. Crystal control at these frequencies is obtained by the 
use of harmonic crystals, which will be discussed later in this chapter. 

Power Ldmitations, The amount of current that can safely pass 
through a crystal ranges from 50 to 200 milliamperes. When the rated 
current is exceeded, the amplitude of mechanical vibration becomes too 
great and may crack the crystal. Overloading the crystal affects the 
frequency of vibration because the power dissipation and crystal temper¬ 
ature will increase with the amount of load current. A small flashlight 
bulb is sometimes connected in series with the crystal as an indicator of 
crystal current flow. By choosing a bulb whose current rating is less 
than that of the crystal, the bulb also serves as a fuse and bums out 
before a current is reached that will damage the crystal. 

10-11. Crystal Oscillator Circuits. Equivalent Electrical Circuit of a 
Crystal, In order to make electrical connections to the crystal it is 
usually mounted horizontally between two metal plates (Fig. 10-17a). 
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As the crystal must vibrate to produce oscillations, it must be mounted 
between these two plates in such a manner as to allow for the required 
amount of mechanical vibration. 

As vibration of the crystal will induce electrical charges on the two 
plates, it is thus possible to consider the crystal and its mountings as an 
electrical resonant circuit such as sho\vn in Fig. 10-176. In this circuit, 
the capacitor C represents the elasticity of the crystal, the inductor L 
represents its mass, and the resistor R represents the resistance offered to 
the vibration by its internal friction. The capacitor Cm represents the 


Meta! 
plate s I 


(a) 



(b) 


Fig. 10-17.—Cryst^ characteristics, (o) Crystal and mounting plates, (6) 

electrical circuit. 


equivalent 


capacitor formed by the two metal plates of the holder separated by the 
crystal dielectric. 

The reactances of L and C will be numerically equal to each other at 
the resonant frequency of the crystal. Since the crystal forms a series 
resonant circuit, maximum current will flow through the circuit at its 
resonant frequency, thus causing the magnitude of the crystal’s vibra¬ 
tions to be maximum at this frequency. When the crystal vibrates at its 
resonant frequency, the voltage that it generates will be maximum and 
will also be of the same value of frequency. 

At some frequency slightly higher than the resonant frequency, the 
combined effective reactance of L and C is inductive and will be numeri¬ 
cally equal to the reactance of the capacitor Cm- At this frequency the 
crystal circuit acts as a parallel resonant circuit and its impedance is 
maximum. The circulating current in the circuit CLRCm is maximum 
and therefore the crystal vibrations will also be maximum. Thus a 
parallel resonant tank circuit can be obtained by operating the crystal at 
the resonant frequency of the parallel tuned circuit formed by CLRCm- 

The equivalent inductance of a crystal is very large in comparison with 
either its equivalent cr.pacitance or its equivalent re^stance. Because of 
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this high L//? ratio, the Q of a crystal circuit is many times greater than can 
be obtained from an electric circuit, as will be shown in Example 10-5. 
Greater frequency stability and frequency discrimination are obtained 
because of the high Q and high L/C ratio of the series resonant circuit CLR, 

Example 10-5. / v**ertain AT-eut crystal is resonant at 450 kc. For this frequency, 

its equivalent inductance is 3.65 henries, its equivalent capacitance is 0.0342 /u/zf, and 
its equivalent resistance is 9040 Cximo. What is the Q of the crystal? 

Given. 

L = 3.65 henries 
R = 904C ohms 
/ » 450 kc 

Solution. 

^ 2irfL _ 6.28 X 450,000 X 3.65 

^ R 9040 

Simple Crystal Circuit Since a properly cut quartz crystal has the 
same characteristics as a high-Q tuned circuit, it can be used in an oscil¬ 
lator cu'cuit tiO control the frequency of oscillation. A simple crystal 


Find: 


= 1141 



Fig. 10-18.—A simple crystal oscillator circuit. 

oscillator circuit is shown in Fig. 10-18. This circuit is similar to the 
tuned-grid tuned-plate oscillator except for the substitution of the 
crystal for the parallel tuned grid circuit. 

The voltage returned to the grid circuit, by means of the grid-to-plate 
capacitance of the tube, is applied to the crystal and causes it to vibrate. 
The voltage set up by the crystal vibrations is applied to the grid of the 
tube, thereby controlling the amoimt of energy that is released in the 
plate circuit. 

The voltage returned to the grid circuit will be maximum when the 
impedance of the crystal is maximum. Maximum impedance occurs at 
the parallel resonant frequency of the crystal circuit. At this frequency 
the crystal vibrations will be maximum and thus the voltage generated 
by the crystal will also be maximum. The parallel resonant frequency of 
the crystal circuit thus determines the frequency of oscillation of a crystal- 
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controlled oscillator. As with a tuned-grid tuned-plate oscillator, the 
resonant frequency of the tuned plate circuit should be slightly greater 
than the parallel resonant frequency of the crystal circuit. 

Pentode Crystal Oscillator Circuit, There are many practical varia¬ 
tions of the fundamental crystal-controlled oscillator circuit. (Generally, 
the higher the amplification factor of a tube the smaller will be the amount 
of driving voltage required to produce the desired output. Crystals used 
in circuits employing tubes having a high amplification factor require low 
values of crystal current, and hence the magnitude of the crystal vibra¬ 
tions is also low. As the amplification factor of pentodes and beam power 
tubes is high, these types of tubes are ideal for use in crystal-controlled 



Fig. 10-19.— A crystal oscillator circ-uii using a pentode. 


oscillator circuits. A crystal oscillator circuit using a pentode is illus¬ 
trated in Fig. 10-19. 

10-12. Electron Coupling. Tetrode Electron-coupled Oscillator. The 
tank circuit of an oscillator can be isolated from its plate load by using 
electron coupling between the oscillator and the load. The impedance of 
the tank circuit of this type of oscillator will be practically constant, 
since it will not be affected by changes in plate load. As the frequency 
of oscillation is dependent upon the impedance of the tank circuit, it will 
also be practically constant. Thus electron coupling is an effective 
means of making the frequency of an oscillator independent of variations 
in load. 

Figure 10-20 illustrates two oscillator circuits employing electron 
coupling. A shunt-fed Hartley circuit is formed by the cathode, control 
grid, screen grid, and LC tank circuit. Although the oscillator portion 
of both of these circuits is of the Hartley type, the Colpitts circuit may be 
used with equally satisfactory results. In this type of circuit the screen 
grid serves as a plate and the r-f path to the inductor L in the tank circuit 
is completed through the screen-grid capacitor Cg, 2 . The plate of the 
tube serves only as an output electrode. Since the screen-grid capacitor 
blocks the high direct voltage and passes the high-frequency alternating 
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voltage, the screen grid is in effect grounded for the r-f voltages. The 
plate is thus shielded from the oscillatory section of the tube, thereby 
preventing the load impedance from reacting on the oscillator. 

Since the screen grid is constructed of mesh or fine wire, some of the 
electrons drawn to it will pass through. As the plate is maintained at a 
higher potential than the screen grid these electrons will be drawn to the 
plate. The frequency of the a-c component of the plate current is there¬ 
fore the same as the oscillator frequency, and thus energy is delivered to 
the output load through an electron stream. Because the coupling me¬ 
dium is an electron stream, the circuit is called an declron-coijpled oscillator. 


Cj 



Fig. 10-20.—Electron-coupled oscillator circuits, (a) Tetrode oscillator circuit with a 
tuned output load, (p) pentode oscillator circuit with an untuned output load. 


Pentode Electron-Coupled Oscillator, Because of the interelectrode 
capacitance between the plate and control grid of a tetrode, a small 
amount of feedback will always be present. The frequency of electron- 
coupled oscillator circuits using tetrodes is therefore not completely 
independent of load variations. By substituting a pentode for the tet¬ 
rode, feedback due to interelectrode capacitance can be eliminated. The 
frequency stability of electron-coupled oscillator circuits is thereby 
further improved by using a pentode. 

An electron-coupled oscillator using a pentode is illustrated in Fig. 
10-206. The connections and circuit actions are the same as for the 
tetrode electron-coupled oscillator except for the suppressor grid. This 
grid may be connected to either the cathode or to ground potential. It 
thus acts as an electrostatic screen, thereby shielding the plate from the 
screen grid and the control grid. For all practical purposes, the capaci¬ 
tances existing between the tube elements are thereby eliminated. 
Since the electron stream flows in only one direction and the interelec¬ 
trode capacitances are eliminated, the variations in load will have no 
effect on the frequency of oscillation. 

Plate Voltage Supply. Increasing the plate voltage of an electron- 
coupled oscillator will cause the frequency of oscillation to change. 
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Increasing the screen-grid voltage of an electron-coupled oscillator will 
also cause the frequency of oscillation to change but in an opposite direc¬ 
tion to that caused by a plate voltage increase. If the voltage on the 
screen grid is obtained from a variable voltage divider, as shown in Fig. 
10-20, the screen-grid voltage can be adjusted so that these two actions 
balance each other. The frequency of oscillation will then be practically 
independent of variations in the supply voltages. 

10-13. Frequency Multiplication. Harmonic Generation. It has 
previously been shown that the thickness of a crystal varies inversely as 
its frequency. For very high frequencies the crystal would have to be 
very thin and might easily be bioken. The frequency at which a crystal 
becomes too thin to be practical or durable will vary with the crystal 
material and the type of cut that is used. The practical limit for quartz 
crystals is approximately 11 megacycles; however, it is possible to grind 
a quartz plate to operate as high as 20 megacycles. In order to obtain 
crystal control of an oscillator at the high frecpiencies, frequency multi¬ 
plication is employed. This is accomplished by using a crystal-controlled 
oscillator of a comparatively low resonant frequeiu^y and using a harmonic 
of the oscillator output to drive a power amplifier. 

The output current of a highly bias(^d Class C operated tube is not a 
sine wave but is a wave made up of a fundamental and a number of its 
harmonics. Increasing the bias on the tube will increase the intensity of 
the higher order of harmonics. Knowing the frequency of a crystal, the 
harmonic components of the output of the tube can be used as a frequency 
standard over a wide frequency range. Harmonics of a high order can be 
obtained from such a circuit and it is possible that as high as a fiftieth 
harmonic may be used as a means of checking and calibrating high 
frequencies. Thus, if the fundamental frequency of an oscillator is 1000 
kc the twentieth harmonic is 20,000 kc or 20 me, and the fiftieth harmonic 
is 50,000 kc or 50 me. The crystal used to control these circuits would be 
required to have a resonant frequency of only 1000 kc. 

A frequency doubler is commonly used in connection with crystal 
oscillators to obtain a frequency higher than that for which the crystal is 
ground. Frequency multipliers are also used in radio transmitters 
designed to operate at two or more frequencies that are multiples of one 
another. 

A crystal-controlled oscillator circuit which possesses good frequency 
stability is practical at only relatively low radio frequencies. In order 
to obtain good frequency stability at the very high and ultrahigh radio 
frequencies it is necessary to obtain the frequency by multiplication or 
harmonic generation. An oscillator circuit that gives a harmonic output 
is called a frequency multiplier. 
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Tri-tet Oscillator, The frequency-load stability of electron-coupled 
oscillators is excellent; however, the output v/ave form contains many 
harmonics. These harmonics may be advantageous, since they can be 
used to produce frequencies that are multiples of either the tank circuit 
frequency or the crystal frequency. The oscillator circuit illustrated in 
Fig. 10-21 uses a single tube a^ both a triode and tetrode, hence the name 
tri-tet oscillator. This circuit is a combination of a triode crystal oscillator 
and an electron-coupled oscillator. The oscillator circuit is electron 



coupled to the output circuit LpCp and is thus electrostatically shielded 
from the output by the screen grid. A pentode-type tube can also be 
used if the connection to the suppressor grid can be made externally. 
The suppressor grid should be connected either directly to ground or may 
be operated at approximately 50 volts positive. Operating the suppres¬ 
sor grid slightly positive produces a higher power output. 

The tank circuit LrCk in the cathode circuit is always tuned to a 
frequency somewhat higher than that of the crystal. The tank circuit 
LpCp in the output circuit is tuned to either the fundamental crystal 
frequency or one of its multiples. 

The two outstanding features of the tri-tet oscillator are (1) its ability 
to operate as a frequency multiplier, (2) the buffer action between the 
oscillator and output circuits, that is, isolating the output circuit from the 
crystal oscillator circuit. 
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QUESTIONS 

1. (a) Define the oscillator circuit, (b) What is the function of a vacuum tube 
in an oscillator circuit? 

2. (o) Why are vacuum-tube oscillators necessary in radio equipment? (b) 
What is their purpose in transmitters? (c) WTiat is their purpose in receivers? 

8. Name some applications of vacuum-tube oscillators other than radio trans¬ 
mitters and receivers. 

4. (o) Into what two classifications may vacuum-tube oscillator circuits be 
divided? (6) Give a further subdivision of each of these general classifications. 

6 . Wliat is meant by (a) negative resistance? (6) Dynatron? (c) Transitron? 

6 . How may feedback oscillator circuits be classified? 

7. (a) What is the principle of the heterodyne oscillator? (6) What are its uses? 

8 . (a) When are crystal-controlled oscillators used? (b) What purpose does the 
crystal serve? 

'9. (a) What is the principle of the magnetostriction oscillator? (b) What are its 
uses? 

10. Can any oscillator circuit be used to produce ultrahigh-frequency currents? 
PiXplain. 

11. Explain the amplifier action of an oscillator circuit. 

12. (a) What are the essential parts of a vacuum-tube oscillator? (b) What is 
the purpose of each part? 

15. Why are radio-frequency oscillator tubes generally operated as Class C? 

14. Explain the oscillatory action that takes place in the tank circuit of an oscilla¬ 
tor. 

16. What is the relation of the factors that affect the frequency of oscillations in a 
tank circuit? 

16. (a) What is the wave form of the current in a tank circuit if no energy is sup¬ 
plied to the circuit to compensate for the I^R loss? (b) What wave form will be 
obtained if sufficient energy is supplied to the circuit to overcome its losses? 

17. Describe the operation of the fundamental oscillator circuit. 

is. How may energy from the oscillator circuit be applied to the load? 

19. Explain the purpose and operation of the grid-leak resistor and grid capacitor 
in an oscillator circuit. 

20. (a) What determines the value of the time constant recommended for the 
grid bias circuit of an oscillator? (b) How are the values of Rg and Cg determined? 

21. What is the objection to using a fixed bias with an oscillator whose tube is 
being operated Class C? 

22. (a) What are the characteristics of the Hartley circuit? (6) Describe the 
operation of the Hartley circuit, (c) What determines its frequency? 

28. Compare the characteristics of series feed and parallel feed for the Hartley 
oscillator. 

24. (a) What are the characteristics of the Colpitts circuit? (6) Describe the 
operation of the Colpitts circuit, (c) What determines its frequency? 

26. Why is parallel feed necessary with the Colpitts oscillator? 
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26. What are the applications of (a) the Hartley oscillator? (b) The Colpitts 
oscillator? 

27. (a) What are the characteristics of the timed-|?rid tuned-plate oscillator? 
(b) Describe its operation, (c) What determines its frequency? 

28. (a) What is meant by amplitude stability? (b) What factors alTect the ampli¬ 
tude stability? 

29. How does the tank circuit Q affect the wave shape of the oscillator output? 

30. What factors affect the amount of energy stored in the tank circuit ? 

31. (a) What factors affect the value of excitation voltage required to drive the 
oscillator tube? (b) What is the effect of too high an excitation voltage? (c) What 
is the effect of too low an excitation voltage? 

32. (o) Why are oscillator circuits seldom required to deliver large amounts of 
power? (6) How is a large power output generally obtained? 

33. What factors affect the plate efficiency of an oscillator tube? 

34. (a) What is meant by frequency stability? (b) What factors affect the 
frequency stability? 

36. (a) What is meant by dynamic instability? (b) What is its cause? 

36. (a) What Ls meant by frequency drift? (h) What is its cause? 

37. (a) What is meant by a crystal-controlled oscillator? (b) What are some 
applications of the crystal-controlh'd oscillator? 

38. (a) Describe the piezoelectric effect of the crystal, (b) What materials can be 
used for crystals and what is the advantage or disadvantage of each? 

39. (a) What are the three axes of a quartz crystal? (b) Describe the electrical 
axes. 

40. (a) What is meant by the temperature coefficient of a crystal ? (b) What is its 

importance? 

41. Describe and give the temperature characteristics of the following types of 
crystal cuts: (a) X cut, (6) Y cut, (c) XY cut, (d) CT cut, (c) DT cut, (/) GT cut. 

42. (o) What is the range of current rating of the average crystal? (6) What is the 
possible effect of overloading a crystal? (c) What protection is recommended? 

43. Describe the equivalent electrical circuit of a crystal. 

44 Compare the crystal-controlled oscillator circuit with the tuned-grid tuned- 
plate oscillator. 

46. Explain the operation of a simple crystal-controlled oscillator. 

46. (a) Explain the principle of electron coupling, (h) What are the advantages 
of electron-couph*d oscillators? 

47. (a) Explain the principle of frequency multiplication. (6) When is frequency 
multiplication used in oscillator circuits? 

48. (a) Explain the principle of the tri-tet oscillator, (b) What are its advantages ? 

PROBLEMS 

1, The tank section of an oscillator circuit used in a superheterodyne receiver 

contains an inductance of 90 /xh shunted by a variable capacitor of 36 ^ What 

is the frequency range of the oscillator circuit if the distributed capacitance of the coil 
and wiring is disregarded? 

2. What is the frequency range of the oscillator circuit of Prob. 1 if the distributed 
capacitance of the coil and wiring is known to be 16 ju^cf? 

3* What is the frequency range of the oscillator circuit of Prob. 1 if a padding 
capacitor of 0.001 /d is connected in series with the tuning capacitor? The distributed 
capacitance of the coil and wiring is 15 fifd. 
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4. If the oscillator of Prob. 3 produces a frequency 465 kc higher than the fre¬ 
quency of the r-f circuit throughout its working range, what is the tuning range of the 
receiver? 

6. The oscillator section of a certain radio receiver obtains its grid bias by use of 
a 50,000-ohm grid-leak resistor and a SO-mmI grid capacJtor. (a) What is the time 
constant of the circuit? (6) What is the time required to complete one-half of an 
output cycle if the frequency of the oscillator is 2200 kc? (c) Is the time constant of 
the RaCu combination long or short compared to the time of one-half of a cycle of the 
oscillator output? 

6. The oscillator section of a certain radio receiver uses a type 6SA7 tube. A grid 
bias of 10 volts is to be obtained by means of a grid-leak resistor, (a) What value of 
resistance is required if the grid current is 0.5 ma? (5) What value of grid capacutor 
should be used if the time constant of the RgCg combination should be approximately 
one microsecond? 

7. A parallel-fed Hartley oscillator circuit similar to Fig. 10-86 uses an r-f choke 
of 2.6 mh and a blocking capacitor of 0.005 /if- (o) What is the reactance of the choke 
and of the capacitor at 2200 kc? (6) What is the ratio of Xl to Xc at this frequency? 

(c) What is the reactance of the choke and of the capacitor at 1000 kc? (d) What is 
the ratio of Xl to Xc at this frequency? 

8 . What is the frequency of a Hartley oscillator circuit similar to Fig. 10-8a if the 
total inductance of Lp and Lg is 80 fih. and the total capacitance of the tuning circuit is 

180 MMf? 

9. What is the frequency of a Colpitts oscillator circuit similar to Fig. 10-10 if the 
value of the inductor L is 140 ^h, Cp is 200 MMf, and Cq is 300 ^^f? 

10. The inductor of a certain tank circuit has an inductance of 100 ^uh and a 
resistance of 10 ohms at 1600 kc. What is the efficiency of the tank circuit at 1600 kc 
if the Q of the circuit when loaded is 15? 

11 . The efficiency of a tank circuit is 90 per cent and its no-load value of Q is 150. 
What is the effective Q of the circuit when loaded? 

12. The effective Q of a certain tank circuit is 12.5. What is the no-load value of 
Q if the efficiency of the circuit is 92 per cent? 

13., The oscillator section of a radio receiver that is using a 6A8 tube has a lOO-^h 
inductor and a tuning capacitor for its tank circuit. The Q of the circuit 

when loaded is 30 and the alternating voltage across the tank circuit is 15 volts (rms). 
Find (a) the value of capacitance when the oscillator is adjusted to a resonant fre¬ 
quency of 1500 kc, (6) the current in the tank circuit, (c) the power supplied to the 
tank circuit, (d) the amount of energy stored in the tank circuit during each cycle, 
(e) the ratio of energy stored per cycle to the energy dissipated per cycle. 

14. An r-f Class C pow er amplifier is to supply 60 watts at a frequency of 2 mega¬ 
cycles. The value of Ep (and Et) is 1000 volts and in order to obtain satisfactory 
wave form the effective Q of the plate tank circuit should not be less than 15. (o) 

What value of inductance should be used in the tank circuit? (6) What value of 
capacitance should be used? (c) What is the current in the tank circuit? (d) What 
is the plate circuit current? 

16. The tank circuit of a certain Class C power amplifier is operated at a frequency 
of 5 megacycles. The power supplied to the tank circuit is 500 watts and the value of 
the alternating component of the plate voltage (also E^ is 1500 volts. It is desired 
that the effective Q of the tank circuit be 12.5. Find (a) the value of inductance 
required, (6) the value of capacitance required, (c) the current in the tank circuit, 

(d) the current supplied to the tank circuit, (e) the amount of energy stored in the tank 
circuit per cycle. 
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16 . Repeat Prob. 15 for a value of Q equal to 50. 

17 . A Hartley oscillator, similar to Fig. lO-Oa, is to be operated so that the tube 
will deliver 2.5 watts of power to the tank circuit (plate section) at a resonant fre¬ 
quency of 1500 kc. Tlie alternating component of the plate voltage is to be 140 volts 
and the voltage at Lg is to be 20 volts. In order to obtain the desired wave form at 
the output, the effective Q of the tank circuit (plate section Lp) is to have a value of 
approximately 20. Find (a) the inductance required for section Lp of the tank circuit, 
(6) the inductance required for section Lq assuming 100 per cent coupling between Lp 
and Lq, (c) the value of capacitance required for the tank circuit, (d) the amount of 
energy stored in the tank circuit per cycle. 

18 . A Colpitts oscillator, similar to Fig. 10-10, is to be operated so that the tube 
will deliver 2.5 watts of power to the tank circuit (plate section) at a resonant fre¬ 
quency of 1500 kc. The alternating component of the plate voltage is to be 140 volts 
and the voltage at Co is to be 20 volts. In order to obtain the d(‘sired wave form at 
the output, the effective Q of the tank circuit (plate section Cp) is to have a value of 
approximately 20. Find (a) the capacitance required for the capacitor Cpj (b) the 
capacitance for the capacitor Coj (c) the value of inductance required for the tank 
circuit. 

Hint: For solution of part (a) use Eq. (10-15), substituting Xc in place of Xl. 

19 . A certain X-cut quartz crystal has a resonant frequency of 3 me at 20°C\ 
The crystal has a negative temperature coefficient of 25 cvcles per megacycle per 
degree centigrade. How much will the frequency vary if the temperature changes to 
(a) 30°C? (6) 15°C? (c) 10°C? 

20 . A certain F-cut quartz crystal has a resonant frequency of 3 me at 20®(''. 
The crystal has a positive temperature coefficient of 80 cycles per megacycle per 
degree centigrade. How much will the frequency change if the temperature changes 
to (a) 30^0? (6) 15°C? (c) 10°C? 

21 . A certain crystal whose resonant frequ(*ncy is 450 kc has an inductance of 
3 henries and its effective series resistance is 2000 ohms. What is the value of Q for 
this crystal? 

22 . If the crystal of Prob. 21 is represented by the equivalent circuit of Fig. 10-175, 
what is the equivalent capacitance C? 

23 . What is the thickness of an X-cut crystal whose resonant frequency is (a) 
250 kc? (6) 2500 kc? (c) 10,000 kc? 

24 . What is the thickness of a F-cut crystal whose resonant frequency is (a) 
200 kc? (5) 2000 kc? (c) 8000 kc? 

26 . What is the resonant frequency of an AT-cut crystal if its thickness is (a) 
0.1655 inch? (6) 0.0301 inch? (c) 0.01655 inch? 



CHAPTER XI 


POWER SUPPLY CIRCUITS 

In the previous chapters the use of vacuum tubes and their associated 
circuits as detectors, amplifiers, and oscillators has been presented. In 
order to obtain the desired performance of these circuits it is necessary 
that the voltages applied to the tubes’ electrodes be of the proper values. 
The unit used to supply these voltages is called the power supply. 

The power supply imit is an essential part of every type of radio and 
electronic equipment, since it supplies the proper voltages and currents to 
the filaments (or heaters), plates, and grids of the various tubes used. 
The general requirements of a power supply are; (1) the output voltages 
should be of the correct values for the apparatus used; (2) the variation in 
the output voltage between no-load and full-load conditions should be as 
small as is economically practical; (3) the output voltage should be an 
unvarying voltage or as nearly constant in value as is economically 
practical. 

The equipment used to supply power to radio and electronic apparatus 
may be divided into three classes: (1) batteries, (2) electromechanical 
systems, (3) commercial power lines. 

11"1. Sources of Power Supply. Batteries. In the early stages of 
radio development batteries were used to supply the power for practically 
all equipment. The use of batteries is generally divided into three classi¬ 
fications: (1) A power supply, used to supply power to the heaters or 
filaments; (2) B power supply, used to supply power to the plate and 
screen-grid circuits; (3) C power supply, used to supply voltage for the 
grid bias. Some types of radio equipment still operate on power supplied 
by batteries. Dry-cell batteries and air-cell batteries are used to supply 
the power required to operate portable receivers and transceivers (trans¬ 
mitter and receiver in one unit). The power required to operate radio 
equipment in automobiles and aircraft is usually obtained from storage 
batteries. 

The current flow from a battery is smooth, as it is devoid of any ripple 
or other variation. This uniform flow of power is one of the desirable 
characteristics of batteries. However, batteries have a limited amount of 
energy and must be either recharged or replaced periodically. As the 
available energy decreases, the voltage delivered also decreases and 
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eventually causes unsatisfactory operation of the equipment. Other 
disadvantages of batteries are their weight, bulk, and cost. Battery 
power is more expensive and not nearly so convenient as power that can 
be obtained from the ordinary lighting circuit. For a detailed description 
of the principle of operation, characteristics, constniction, and care of 
batteries, the reader is referred to Ohap. Ill of the authors^ text on 
Electrical Essentials of Radio, 

Electromechanical Systems, The power required to operate certain 
types of radio transmitters, radio receivers, and electronic equipment is 
obtained from electromechanical systems. This type of power equipment 
may be in either of two forms: (1) generator systems, (2) vibrator systems. 

Generator systems appear in various forms such as electric-motor- 
driven generators, gasoline-engine-driven generators, hand-driven gen¬ 
erators, dynamotors, and converters. The type of mechanical equipment 
used will depend upon the kind and amount of energy available as a prime 
mover. The output of the d-c generator is not a continuous current but 
is a pulsating current. The pulsations arc caused by the commutator 
and are generally referred to as commutator ripple (see Chap. VII of the 
authors’ Electrical Essentials of Radio), As one of the requirements of 
power supplies is to provide a current with a minimum amount of pulsa¬ 
tions, it is necessary to use filter circuits with this type of equipment in 
order to smooth out the commutator ripple. 

The type of power supply most commonly used for automobile and 
aircraft radio equipment is a six-volt storage battery used in conjunction 
with a vibrator unit. Power for the filaments (or heaters) is obtained 
directly from the battery. The high voltage required for the plates and 
screen grids is obtained by means of a vibrator imit, which is described in 
detail later in this chapter. 

Power Lines, Power obtained from an a-c or d-c power line is the 
least expensive and the most convenient source of power. Because of 
this, it is desirable whenever practical to use power lines to supply all the 
voltages required by electronic devices such as radio receivers and trans¬ 
mitters. As the high operating voltages required for the plates and screen 
grids of electronic tubes cannot be taken directly from the power lines, it 
is necessary to employ suitable equipment to change the input voltage 
to the desired values of voltage. Since a-c power is almost universally 
used for lighting circuits, it is also the source of power for most stationary 
types of electronic equipment. 

The power supply unit used in radio equipment to convert alternating 
current to direct current consists of four parts: (1) the power transformer, 
(2) the rectifier, (3) the filter, (4) the voltage divider. The power trans¬ 
former increases the line voltage to a value high enough to obtain the 
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high voltage required at the output of the power supply unit. The recti¬ 
fier allows current to flow in only one direction and therefore converts the 
alternating current to a pulsating unidirectional current. The filter 
removes the ripples from the pulsating current so that the output of the 
power supply is practically a continuous current. The voltage divider, 
as its name implies, divides the output voltage of the filter into the several 
values of voltage required by the plates and grids of the tubes. 

Types of Power Supplies, Power supply units as used in radio 
receivers operated from a-c power lines may be divided into four basic 
types: (1) the half-wave rectifier, (2) the full-wave rectifier, (3) the bridge- 
type rectifier, (4) the voltage-doubler-type rectifier. Each of these types 
of power supply has different operating characteristics. The choice of 
power supply will depend upon the operating voltages and currents 
desired. The operating characteristics of a power supply will also be 
affected by the type of filter circuit used and the values of the circuit 
elements. The outpxit requirements of a power supply will therefore 
determine the type of rectifier and filter circuit to be used. In analyzing 
the requirements of the power supply, the operating (characteristics to be 
taken into consideration are (1) the required output voltage, (2) the 
required output current, (3) the allowable peak voltage, (4) the ripple 
voltage, (5) the voltage regulation. 

11-2. The Power Transformer. Requirements of the Power Trans¬ 
former. The main purpose of the power transformer is to increase the 
line voltage so that the power supply unit will be able to furnish the high 
operating voltages required by the plates and screen grids of the vacuum 
tubes in the equipment being supplied. The power transformer may also 
be required to furnish the low voltages for the filaments or heaters of the 
tubes. In this case, one or more low-voltage secondary windings are 
provided on the power transformer. 

For a high power rectifier, such as used in a transmitter or where a 
comparatively high voltage is required by the plate circuits, it is necessary 
that the filaments be operated from a separate transformer. A trans¬ 
former used to supply only the plate power requires a primary winding 
and only a single secondary winding (see Fig. 11-la). A transformer of 
this type is used in a half-wave rectifier circuit. In a full-wave rectifier 
circuit the secondary is usually center-tapped, as shown in Fig. 11-16. 

When the output of the power supply is comparatively low, such as 
those used in radio receivers, it is common practice to combine the plate 
and filament transformers into one unit, as shown in Figs. 11-lc and 
11-ld. In this type of power transformer, the line voltage will also have 
to be decreased to the value, or values, required by the heaters of the 
tubes to be supplied. As it is sometimes necessary to provide separate 
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filament voltage sources for the rectifier tube, the r-f tubes, and the a-f 
tubes, the number of filament windings on the power transformer will be 
determined by the requirements of the particular radio receiver. It can 
be seen from Fig. 11-1 that all the filament ^vindings of a power trans¬ 
former are secondary windings and, together with the secondary for the 
plate supply, operate from a common primary winding. 

Ratings of Power Transformers. Power transformers are usually 
rated in secondary volts at full load and milliamperes output (d-c) at 
full load. The secondary volts is measured across the full high-voltage 



(a) 

Ha If-wave 
Sincfle secondary 
winding 



(b) 

Pul I-wave 

Single center-tapped 
secondary winding 


Fig. 11-1,—: 



(C) 

Full'wave 

Single center-tapped 
secondary winding 
and 

one low-voltage 
secondary winding 
transiormer circuits. 


El 
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(d) 

Full-wave 

Single center-tapped 
secondary winding 
and 

three low-voltage 
secondary windings 


winding, or from plate-to-plate of the rectifier tube. This should be the 
voltage at full load and hence should be measured with the rated current 
being drawn from the rectifier. Thus a transiormer rated 350-0-350 
secondary volts and 120 ma output current should indicate 700 volts 
across the two ends of the high-voltage secondary winding and 350 volts 
from either end to the center tap when 120 ma is being drawn from the 
rectifier. 

The rms value of the high voltage output of the power transformer 
should be slightly higher than the sum of the required output voltage and 
the voltage drops at the filter chokes and the rectifier tube. ??rans- 
formers used with full-wave center tapped rectifiers should produce this 
amount of voltage from the center tap to each side of the secondary 
winding. The output current rating should be approximately 10 per 
cent greater than the sum of the currents taken by the various tubes and 
the bleeder resistor. 

In a full-wave center-tapped rectifier circuit, the load is alternately 
transferred electronically from one-half of the secondary winding to the 



Art. 11-21 


POWER SUPPLY CIRCUITS 


489 


other, and thus only one-half of the secondary winding is used at a time. 
Each half of the secondary should therefore be capable of delivering the 
required voltage and current. 

In some instances, manufacturers also rate power transformers 
according to the voltage that will be obtained at the output of a two- 
section filter. This rating also takes into account the voltage drop 
through the rectifier tube. 

Voltage Regulation, The voltage delivered to the secondary winding 
of a power transformer will decrease in value as the current taken by the 



Fiu. 11-2.—Circuit showing the connections of a voltage-regulating transformer. 

load is increased. Power transformers used in radio receivers are 
designed to operate continuously under full-load condition with excellent 
regulation. The variation in output voltage from no-load to full-load 
for this type of transformer is comparatively small and usually can be 
ignored. 

In some types of electronic eciuipment it is necessary that a constant 
voltage be maintained at the secondary terminals regardless of the value 
of the load. In this type of equipment a voltage regulating transformer, 
whose circuit is similar to that shown in Fig. 11-2, is used in the power 
supply unit. An increase in the load current will decrease the output 
voltage but will also increase the flux in the cores of the regulating trans¬ 
formers Tb,i and Tr ,2 toward saturation. The impedance of the primary 
windings of these transformers is thus decreased, thereby increasing the 
voltage across the primary of the power transformer Tp and also increas¬ 
ing the voltAge across the output. A decrease in load current will cause 
these actions to take place in an opposite direction to those taking place 
with an increase in current. As these actions take place almost instan¬ 
taneously, the output voltage can be maintained practically constant. 

Because the secondaries of the regulating transformers are connected 
in series with the output of the rectifier tube, it is necessary that the 
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output of these transformers be eliminated. This is accomplished by 
connecting the transformers in series opposition. It is important that 
the regulating transformers be perfectly balanced; otherwise an alternat¬ 
ing current ripple will be produced in the output of the power supply. 

11-3. Rectifiers of Alternating-current Power. Purpose of the 
Rectifier. The purpose of the rectifier is to change the alternating-current 
output of the power transformer to a unidirectional current. The action 
of a rectifier that permits current to flow through it more easily in one 
direction than the other makes possible its use as a device for changing 
alternating current to direct current. 

The Diode Rectifier. The principle of operation of a rectifier may be 
either mechanical, thermal, chemical, or electronic. Of these, the elec- 



—► Electron flow when A is positive. 

Fig. 11-3.—A single-diode rectifier circuit. 

ironic principle, as applies to a diode, is the one most generally used in the 
rectifier of d-c power supplies associated with electronic equipment. 

Current will flow in the plate-cathode circuit of a tube only when the 
plate is positive with respect to the cathode. If an alternating current 
is applied between the plate and cathode of a diode as in Fig. 11-3, plate 
current will flow only during that portion of the cycle when the plate is 
positive. During the half-cycle in which the plate is negative, no plate 
current will flow. The diode rectifier is thus alternately a conductor and 
an insulator. 

The rectifier tube may be either of the high vacuum type or the gas¬ 
eous type. The high vacuum tube is generally used for high-voltage 
and low-current outputs. The gaseous-type rectifier tube is generally 
used for high-current outputs. 

Tube Voltage Drop. During the portion of the cycle in which the 
tube is conducting, voltage drops will be produced at the tube and the 
secondary winding of the transformer. Since these voltage drops reduce 
the voltage available across the output load they should be kept as low 
as is practical. 
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The internal voltage drop of a high-vacuum-type rectifier tube will 
vary in almost direct proportion to its load current (see Fig. 11-4). A 
varying load current will cause the voltage drop across the tube to vary, 
thus also causing a variation in the voltage across the output load. The 
voltage regulation of high-vacuum-type rectifier tubes is therefore very 
poor. The internal voltage drop of directly heated (filament-type) high 
vacuum rectifier tubes is comparatively high. This can be seen by an 



Plate current, milliamperes 

Fig. 11-4.—Internal voltage drop between cathode and plate for comparable gas and 

vacuum tubes. 

examination of the internal voltage drop at rated operating values for 
rectifier tubes of this type. From a tube manual, the voltage drop for 
the 5T4 is 45 volts and for the 5Y4-G it is 60 volts. 

As one of the factors affecting the internal voltage drop in a tube is 
its space charge, the voltage drop can be decreased by reducing the 
effect of the space charge. The space charge is reduced in some high- 
vacuum-type rectifier tubes by decreasing the spacing between the 
cathode and plate. This method is used in rectifier-type tubes having a 
heater cathode such as the 35Z5-G and the 117Z6-G. The internal volt¬ 
age drop of these two tubes at rated operating values is 21 volts for the 
35Z5-G and 15.6 volts for the 117Z6-G. 

The space charge in a tube can also be reduced by ionization. This 
method is used in the mercury-vapor type of rectifier tube such as the 83 
and also in the ionic-heated cathode type of rectifier tube such as the 0Z4. 
The internal voltage drop of mercury-vapor tubes is very low, being 
approximately 15 volts. The voltage regulation of mercury-vapor tubes 
is very good as the internal voltage drop is practically independent of the 
load current (see Fig. 11-4). 

The cathode of the ionic-heated type of rectifier tube is heated by the 
bombardment of the cathode by the ions from within the tube. As no 
external current is required to heat the cathode, it is also referred to as a 
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cold-cathode type of rectifier tube. As energy is taken from the ionization 
discharge to heat the cathode, the internal voltage drop of this type tube 
is slightly higher than the hot-cathode mercury-vapor rectifier tube. The 
internal voltage drop of the 0Z4 at rated operating conditions is 24 volts. 

Ratings of Rectifier Tubes, Rectifier tubes are generally rated accord¬ 
ing to (1) the alternating voltage per plate, (2) the peak inverse voltage, 
(3) the peak plate current, (4) the load current. These ratings are not 
fixed values but vary with the rectifier tube and filter circuits with which 
the tube is associated. This can be observed from the operating charac¬ 
teristics of the 5T4 as listed in Table XI-I. 


Table XI-I 


Filter circuit 

Alternating 
voltage 
per plate 
(rms) 

Peak 

inverse 

voltage 

Peak plate 
current 
(})er plate) 

Load 

current 

(d-c) 

Capacitor input to filter. 

Choke input to filter. 

450 volts 
550 volts 

1270 volts 

1550 volts 

675 ina 
675 ma 

225 rna 
225 ma 


The alternating voltage per plate is the highest rms value of voltage 
that can safely be applied between the plate and cathode of the tube. 
In a half-wave rectifier circuit the open circuit '^^oltage across the second¬ 
ary winding of the power transformer should not exceed this value. 
In a full-wave rectifier circuit the open circuit voltage between either end 
of the secondary winding of the power transformer and its center tap 
should not exceed this value. 

The peak inverse voltage rating is the maximum value of voltage that 
a rectifier tube can safely withstand between its plate and cathode when 
the tube is not conducting. During the portion of the a-c input cycle 
when the plate is negative with respect to the cathode, no voltage drops 
will exist in the rectifier circuit and hence the full secondary voltage will 
be impressed between the plate and cathode. For normal operating 
conditions this voltage is equal to the peak value of the transformer 
secondary voltage. For transient conditions this peak value of voltage 
may be greatly exceeded. 

The peak plate current represents the maximum amount of electron 
emission that the cathode can supply. It is the maximum instantaneous 
value of current that can safely flow through the rectifier tube. 

V The load current is the maximum safe value of direct current that the 
tube can deliver. Since current flows through a plate circuit of a rectifier 
tube during only half of the input cycle, the average value of its direct 
current output will be less than one-half of its peak plate current. 
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The Contact Rectifier, k metal disk or plate that is held in contact, 
under pressure, with another substance is also used as a rectifier of alter¬ 
nating current. This type of unit is called a dry disk or contact rectifier. 
The resistance to electron flow from the metal to the substance with which 
it is in contact is very low. The resistance to electron flow in the reverse 
direction is very high. Because of this characteristic the contact rectifier 
can be used to rectify alternating current. 

Three types of contact rectifiers are available, namely, the copper 
oxide, copper sulphide, and selenium rectifiers. The copper-oxide 
rectifier consists of a copper disk that is oxidized on one of its sides and a 
soft lead washer. The washer is used to provide electrical contact with 
the oxidized surface. This type of unit is generally used in power supplies 
associated with instruments. In the copper-sulphide rectifier one of the 
surfaces of the copper disk is coated with copper sulphide and the elec¬ 
trical contact is made with this surface by means of a magnesium washer. 
This type of unit is generally used in battery chargers. The selenium 
rectifier consists of an aluminum plate or disk that has one of its surfaces 
coated with selenium. Electrical contact with the selenium-coated 
surface is made directly with the uncoated surface of the adjacent plate or 
disk. This type of unit can be used in place of most rectifier tubes and 
hence has many applications in radio and electronic circuits. 

11-4. Fundamental Rectifier Circuits. Half-wave Rectifier Circuit. 
In a half-wave rectifier circuit a single diode vacuum or gas tube is used 
and is connected to the power transformer as shown in Fig. ll-5a. When 
the tube is conducting, electrons flow from the cathode to the plate, 
through the secondary of the power transformer, through the output 
circuit, and back to the cathode, as indicated by the arrows on this 
illustration. When the plate is positive with respect to the cathode, 
the tube acts as a conductor and current flows in the output circuit. 
When the plate is negative with respect to the cathode, the tube acts as 
an insulator and no current flows in the output circuit. The relation 
between the input voltage and the output current for the single diode 
rectifier is shown in Fig. 11-6. From this figure it can be seen that the 
output current flows during only one-half of the input cycle. Because 
of this, the single diode tube is also referred to as a half-wave rectifier. 

The output of a half-wave rectifier is a pulsating unidirectional cur¬ 
rent. Because the output current flows in only one direction through the 
secondary winding, the iron core of the power transformer will tend to 
become saturated thus distorting the output wave. The simple half¬ 
wave rectifier circuit as shown in Fig. 11-6 is a comparatively poor type 
of rectifier and therefore is seldom used. 

The inverse peak voltage is equal to the maximum voltage of the 
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transformer secondary. For a sine-wave input this peak value is equal 
to 1.41 times the rms value of the secondary output voltage, or 1.41 times 
Es* 

Fullrwave Rectifier Circuit Using a Center-tapped Transformer. The 
operating characteristics of a rectifier will be improved if current can be 
made to flow in the output circuit for the entire period of the input cycle. 
This may be accomplished by using two single diode tubes or a duplex 
diode (two single diodes in one envelope) in conjunction with a center- 



—>£lecfron flosi when A is positive 



tapped power transformer, as shown in Fig. 11-6. Because the two 
plates of the rectifier tube are connected to opposite ends of the secondary 
winding, their polarity with respect to their common cathode connection 
will always be opposite to each other. Thus during one-half of the input 
cycle one plate will be conducting and the other will not be conducting, 
and diiring the second half-cycle the second plate will be conducting and 
the first will not be conducting. Under this condition, current will flow 
in the output circuit during both halves of the input cycle. It can be 
seen from Fig. 11-6 that both halves of the input cycle have been rectified 
and hence the name fvU-waoe rectifier. Since each rectifier section 
supplies.eneigy for one-half of the cycle, the plates of a full-wave rectifier 
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will have to carry only one-half the amount of plate current required by 
a half-wave rcictifier for equal amounts of load current. 

The action of this type of full-wave rectifier circuit may be explained 
in the following manner. During one-half of the input cycle plate 1 will 
be positive and plate 2 negative. During this period electrons will flow 
from cathode to plate 1, through one-half of the secondary winding 
(terminal 1 to the center tap), to the output circuit, and back to the 
cathode. The wave form of the output current for this half-cycle is 



Fig. 11-6.—A full-wave diode rectifier usins a center-tapped transformer, (o) The circuit, 
(b) wave form of the input voltage, (c) wave form of the output current or voltage. 

indicated by the sections labeled 1 on Fig. ll-6c. During the other half 
of the input cycle plate 2 becomes positive and plate 1 negative. Elec¬ 
trons will now flow from the cathode to plate 2, through the other half of 
the secondary winding (terminal 2 to the center tap), to the output 
circuit, and back to the cathode. The wave form of the output current 
for this half-cycle is indicated by the sections labeled 2 on Fig. ll-6c. 

The full-wave center-tapped-transformer rectifier circuit is the one 
most generally used in transformer type power supplies. While one 
section of the rectifier is conducting, the peak inverse voltage across the 
other section will be equal to 1.41 times the rms value of the full secondary 
voltage, or 1.41 times Es. 

Output Voltage, The output voltage of a power supply unit whose 
rectifier output is applied directly to a resistance load will be a pulsating 
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unidirectional voltage as represented by Figs. 11-5c and 11-6r. The 
output voltage, as recorded with a d-c voltmeter would be the average 
value of the pulsations. For sine-wave input voltages and resistance 
loads, the output voltage for full-wave rectification will be 


K-c = 0.9/Cc 


(ll-l) 


For sine-wave input voltages and resistance loads, the output voltage 
for half-wave rectification will be 


Eo = = 0.45/i’„.c (11-2) 

where Ea-r = rms value of alternating voltage per plate 

These two equations are based on the assumption that there is no 
voltage drop at the transformer secondaries or the rectifier tubes. With 
the same value of alternating volts per plate, the output voltage with 
half-wave rectification is one-half the value of that with full-wave recti¬ 
fication, because the half-wave rectifier supplies current and voltage for 
only one-half the amount of time that a full-wave rectifier supplies 
current and voltage to the load. 

When filter circuits are used in conjunction with rectifiers, it will be 
found that a full-wave rectifier will require a transformer with twice the 
value of secondary voltage that is reejuired with a half-wave rectifier in 
order to obtain the same output voltage. The action of the filter cir(‘uit 
is presented later in this chapter. 

11-6. Bridge Rectifier Circuits. Full-wave Bridge Rectifier Circuits. 
The bridge type full-wave rectifier circuit (Fig. 11-7) is another method 
of obtaining a continuous flow of rectified current in the output circuit 
of a rectifier. The operation of this circuit is explained in the following 
manner. During the portion of the input cycle that terminal A of the 
secondary winding is positive, electrons will flow from the cathode to the 
plate of tube 2, through the secondary winding, from the cathode to 
the plate of tube 4, through the output circuit, and back to the cathode of 
tube 2. The flow of electrons during this half-cycle is indicated by the 
solid line arrows in Fig. 1 l-7a. The wave form of the output current for 
this half-cycle is indicated by the sections labeled 2 and 4 on Fig. ll-7c. 
During the other half of the input cycle, terminal A of the secondary 
winding becomes negative and terminal B becomes positive. During 
this half-cycle electrons will flow through tube 3, the secondary winding, 
tube 1, the output circuit, and back to the cathode of tube 3. The flow 
of electrons for this half-cycle is indicated by the broken line arrows in 
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Fig. ll-7a. The wave form of the output current for this half-cycle is 
indicated by the sections labeled 1 and 3 on Fig. ll-7c. 




Fig. 11-7.—A full-wave rectifier using four diodes, (a) Diagram of a simple bridge- 
type rectifier circuit, (6) wave form of the input voltage, (c) wave form of the output current 
or voltage. 



Electron flow when A is positive 
—♦ Electron flow when B is positive 

1^0. 11-8.—A full-wave duplex-diode bridge-type rectifier circuit. 

Ilie transformer used with a bridge-type rectifier does not require a 
fiMiteivtapped secondary winding for its plate circuit supply. As this 
Mcondary supplies plate voltage for two tubes in series, its voltage may 
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be made equal to twice the plate voltage required for each tube. This 
circuit utilizes the complete secondary winding for the entire period of 
each cycle. The output voltage for the bridge-type rectifier circuit will 
thus be twice that obtainable from a full-wave center-tapped circuit 
using a similar transformer. The inverse peak voltage is equal to the 
maximum transformer voltage, or 1.41 times Es- 

Another form of bridge-type rectifier is shown in Fig. 11-8. This 
circuit operates directly from the power source without a transformer and 



Fig. 11-9,—A full-wave contact-type rectifier bridge circuit. 


uses two duplex diodes of the heater-type cathode. Contact rectifiers 
may be used in bridge circuits instead of vacuum tubes and four rectifier 
units are required as shown in Fig. 11-9, It can be seen that the basic 
circuit of Figs. 11-7, 11-8, and 11-9 are all the same. The operation and 
the output wave form of the duplex-diode bridge rectifier circuit and the 
contact rectifier circuit will therefore be the same as for the circuit using 
four single diodes. 

The important characteristics of the bridge-type rectifier circuit are 
its low plate voltage, low power output, compactness, and economy. 
Because of these features, it is generally used for supplying power to 
radio test equipment such as test oscillators and vacuum-tube voltmeters. 

11-6. Other Rectifier Circuits. Full-wme Voltage Doubler. The 
voltage multiplier type of rectifier circuit makes it possible to obtain a 
d-c output whose voltage is equal to some multiple of the alternating 
voltage applied to the plates of the rectifier tube. The most common 
type of voltage multiplier circuit is the voltage doubler. This circuit is 
used to obtain an output voltage equal to approximately twice the alter¬ 
nating input voltage. 
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Figure 11-10 illustrates the circuit connections for a full-wave voltage 
doubler circuit. The operation of this circuit is explained in the follow¬ 
ing manner. During a portion of the half-cycle that terminal A is 
positive, electrons will flow through tube 1 and the secondary winding to 
charge capacitor Ci as indicated. During a portion of the next half-cycle 
terminal B becomes positive and electrons will flow through tube 2 and 
the secondary winding to charge capacitor C 2 as indicated. It will be 
noted that the terminals of the capacitors that are joined are of opposite 




Fuj. II 10.— A full-wave voltage doubler circuit, (o) The circuit, (6) wave form of the 
input voltage, (c) wave form of the output voltage. 

polarity. If neither capacitor discharged through the output circuit, 
the voltage across the two capacitors in series would be equal to twice the 
peak plate voltage less the voltage drops in the tubes. Hence the name 
voltage doubler. However, the capacitors do discharge through the out¬ 
put circuit, capacitor Ci discharging while capacitor C 2 is charging and 
vice versa. If a comparatively large time constant is provided, these 
capacitors will lose only a small portion of their charge in the short 
interval required for the line voltage to reverse its polarity. Therefore, 
during the half-cycle that one tube is conducting, the capacitor in its 
output circuit will not start charging until the instantaneous value of the 
line voltage (less the tube drop) exceeds the capacitor terminal voltage. 
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The wave form of the output voltage illustrating the charge and discharge 
actions of the two capacitors is shoAvn in Fig. 11-lOc. 

Because of the high values of capacitance used at Ci and C 2 , the output 
of a full-wave voltage doubler circuit is nearly uniform. For best 
results, these capacitors should be of equal vahie and not less than 16 fd. 
The voltage regulation of the voltage doubler circuit is inherently poor 
and may be improved by using higher values of capacitance for Ci and 





Rectifier 

output 


Electron flow when A is positive 
Electron flow when B is positive 



(c) 






^ f-Timc—► 

Fig. 11-11.—A half-wave voltage doubler circuit, (a) The circuit, (6) wave form of the 
input voltage, (c) wave form of the voltage across Ci, (d) wave form of the voltage across 
Cl or the output voltage. 

C 2 . As increasing the capacitance of Ci and will increase the peaK 
plate current of the rectifier tubes, the maximum values of these capaci¬ 
tors will be limited by the peak current rating of the tubes. Each capaci¬ 
tor is charged by a separate diode and thus the voltage across either 
capacitor will never be greater than the peak value of the plate voltage. 
Because the size of the capacitors required would make the cost pro¬ 
hibitive, this circuit is not practical for rectifying large amounts of 
current. 

Half-wave Voltage Dovbler. Another form of voltage doubler circuit 
that is used is the half-wave voltage doubler. The connections for this 
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circuit are shown in Fig. 11-11 This rectifier operates in a somewhat 
different manner from the full-wave voltage doubler and its operation is 
explained in the following manner. During the half-cyclc that the plate 
of tube 1 is positive, electrons will flow through the tube charging capaci¬ 
tor (\ to the peak line voltage (less the drop in tube 1), and with the 
polarity as indicated. During the next half-cyclc, the voltage across Ci 

will be added to the line voltage and <>—-^_ 

tube 2 will conduct. The electron ^ 

flow will charge capacitor C 2 to a 
voltage equal to the peak line volt¬ 
age plus the voltage across (\ (less 
the drop in tube 2). However, 
capacitor C 2 would only attain this 
full charge when no load is being 
drawn from the power supply unit. 

When the unit is supplying power to 
a load, capacitor C 2 will charge and 
partially discharge during alternate 
halves of the input cycle. (Capaci¬ 
tor (b, likewise, will charge and dis¬ 
charge during alternate halves of the 
input cycle, but during opposite 
times that C 2 is charging and dis¬ 
charging. Thus capacitor C 2 will be 
charging when tube 2 is conducting, 
the energy being obtained from ca¬ 
pacitor Cl, which is then discharging 
to C 2 and the load. When tube 2 is 
not conducting, capacitor C 2 is dis¬ 
charging through the load. The 
1 is then conducting and capacitor 
Cl, which acts as a reservoir for C2, half-wave voltage multi- 

IS being recharged, so that the cycle 

repeats itself continually. The wave form of the voltages across capaci¬ 
tors Cl and C2, shown in Figs. 11-11c and 11-1 Id respectively, illustrates 
the charging and discharging periods of these two capacitors. 

The voltage regulation of the half-wave voltage doubler circuit is not 
so good as that of the full-wave voltage doubler circuit. Another dis¬ 
advantage is that the voltage rating of capacitor C2 must be twice as high 
as that of the capacitois in a full-wave circuit of the same rating. 

An advantage of the circuit of Fig. 11-1 la is that one side of the power 
line and the negative terminal of the output capacitor C2 may be con- 
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nected to a common terminal, usually the chassis. This makes it possible 
to use a series connected heater circuit arranged so that the heaters of the 
high gain r-f tubes will be at practically gi’ound potential. Thus, by 
keeping the voltage difference between the heater and cathode of the 
high gain tubes at a low value, the possibility of cathode-to-heater 
leakage and its resulting hum is reduced. 

Other Types of Voltage Multiplier Circuits, The principles involved in 
the half-wave voltage doubler circuit of Fig. 11-1 la are utilized in obtain- 



•—► Ekcfron fhv^ when A is posihve 
- - Electron flow when B is positive 
Fig. 11-13.—A full-wave voltage tripler circuit. 

ing a rectified output voltage that may be any multiple of the input 
voltage. In the voltage multiplier circuit of Fig. 11-12, capacitors C\ 
and C 2 operate in the same manner as capacitors Ci and Cs of Fig. 11-11. 
Capacitor Cj then adds its voltage (now double the line voltage) to the 
line voltage when tubes 1 and 3 are conducting. This action then con¬ 
tinues for the remaining capacitors and tubes. After steady operating 
condition has been obtained, current will flow from the individual recti¬ 
fiers for only that portion of the cycle necessary to replace the amount of 
charge lost by the capacitors in the previous half cycles. Thus, after the 
steady state operating condition has been reached, capacitor Ci will be 
charged to approximately the peak line voltage, capacitor O'* to approxi¬ 
mately twice the peak line voltage, capacitor Cj to approximately three 
times the peak line voltage, etc. 

The principles involved in the full-wave voltage doubler circuit of Fig. 
11-10 may also be utilized in obtaining a rectified output voltage that may 
be any multiple of the input voltage. A full-wave voltage tripler circuit 
is shown in fig. 11-13, and the same principles can be applied to produce 
voltages of 5E, etc. 
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The voltage multiplier circuit is very useful for obtaining high output 
voltages. However, the voltage regulation of the voltage multiplier 
circuit is poor. Furthermore, unless adequate provisions are made, the 
difference in voltage between the cathode and heater of the tube (or tubes) 
at the high voltage terminal of a series heater string may greatly exceed 
the maximum voltage rating of the tube and thus cause it to break down. 

Multiphase Rectifier Circuits. Tn the preceding discussion, only 
single-phase rectifier circuits have been presented. When large amounts 



h-“- One Inputcyde -H 



loQ. 11-14.—A three-phase half-wave rectifier, (a) The circuit, (h) wave form of the 
input voltage, (c) wave form of the rectified output voltage. 

of power are to be rectified, such as one kilowatt or more, multiphase 
circuits are generally used. Although multiphase circuits may employ 
any number of phases (some use 100 or more phases), the three-phase 
circuit is most generally used for radio transmitters. The rectifier cir¬ 
cuits may be connected for either half-wave or full-wave rectification. 
The principle of operation of multiphase rectifier circuits is the same as 
for single-phase circuits. The connections of a three-phase half-wave 
rectifier circuit are shown in Fig. 11-14. The connections for a three- 
phase full-wave rectifier circuit are shown in Fig. 11-15. From these two 
figures it can be seen that because the voltages of phase A, B, and C are 
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120 degrees out of phase with each other, the rectified output approaches 
a steady direct current more closely than the output of a single-phase 
rectifier circuit. Because of this, multiphase rectifier circuits require 
less filtering than single-phase rectifiers. Another advantage of the 
multiphase rectifier is that a higher output voltage is obtained for a given 
reak input voltage than is obtained from a single-phase rectifier circuit. 



Fig. 11-15.—A three-phase full-wave rectifier, (a) The circuit, (6) wave-form of the input 
voltage to tubes, (c) wave form of the rectified output voltage. 

Parallel Operation of Rectifiers. Another method of obtaining a 
higher output current from a rectifier is to connect two or more single¬ 
phase rectifier units in parallel. The circuit connections for parallel 
operation of four vacuum tubes to produce full-wave rectification is 
shown in Fig. 11-16. From this figure it can be seen that two plates are 
connected together and two cathodes are connected together so that the 
circuit operates similar to the single-tube full-wave rectifier circuit of 
Fig. 11-6. 

When gas tubes are operated in parallel, a dight difference in the 
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operating characteristics of the tubes may cause one tube to ionize at a 
lower voltage than the other. The tube ionizing first will carry the entire 
load, since the voltage drop in this tube will decrease the input voltage to 
the second tube, thus preventing it from becoming ionized. In order to 



Fig 11-16—Parallel operation of two full-wave rectifiers 


correct this condition, a resistor is connected in series with the plate of 
each tube. Then, if one tube ionizes before the other, the voltage at the 
second tube will still remain high enough to cause it to ionize, thus 
ensuring successful parallel operation of the two tubes. 

Selenium Rectifier Circuits, Before the development of the selenium 
rectifier, the amount of current flow 
at the junction point in contact rec¬ 
tifiers was limited to a compara¬ 
tively low value, as the operating 
temperature at the junction had to 
be very low. The breakdown volt¬ 
age at the junction point of the 
contact rectifiers was also very low, 
being approximately 11 volts peak 
for the copper-oxide type of recti¬ 
fier. Because of these current and 
voltage characteristics, the use of 
the contact-type rectifiers was lim¬ 
ited to low current and voltage ap- rectifier umt. {Courtesy of Federal Tele- 
plications. In some applications of Corporation) 

these rectifiers, increased current and voltage ratings are obtained by con¬ 
necting a number of single units in series or parallel combinations. 

The operating current and voltage characteristics of the selenium- 
type rectifier shown in Fig. 11-17 are such that it is possible to use this 
type of unit in place of most rectifier tubes. Selenium units are available 
in a number of sizes with output current ratings from 75 ma to 200 ma 



Fig. 11-17.—A five-plate selenium 
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and with a maximum rms voltage rating of 130 volts. Their maximum 
inverse peak voltage rating is 380 volts. Units can be obtained that are 
capable of ivithstanding a maximum peak current of 2000 ma and a 
maximum rms current of 550 ma. Compared ^^ith the vacuum-tube 
rectifier, the selenium rectifier has many advantages, among which are 
(1) smaller size (approximately liby l^by f inch), (2) durability and 
cooler operation, (3) less fragility, (4) longer life, (5) only two required 
connections therefore easier to install, (6) lower voltage drop at the 


Xf Ri 



CRi Rj 



Fio. 11-18.—Several applications of contact rectifiers to rectifier circuits, (o) Half-wave 
rectifier, (6) full-wave rectifier, (c) voltage doubler. 

rectifier (approximately 5 volts), (7) better voltage regulation, (8) lower 
cost of rectifier unit since no tube socket or special mounting is required. 

A selenium rectifier has two terminals, one positive and the other 
negative. These two terminals correspond to the plate and cathode of a 
vacuum tube. The positive side is usually indicated by a red dot or a 
+ sign. The negative side is indicated by a yellow dot or a — sign, or 
it may be left blank. Rectifier circuits employing selenium rectifier 
units as a half-wave rectifier, a full-wave rectifier, and a voltage doubler 
circuit are shown in Fig. 11-18. 

11 - 7 . Filters. Purpose of the Filter. Although the output of a 
rectifier circuit is unidirectional, this output is not steady but is pulsating. 
Because of the variations in magnitude of the output current of a rectifier 
circuit, the current cannot be used in this form for radio applications. 
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A filter must be used in conjunction with a rectifier to smooth out these 
variations in current in order that the output of the power supply unit 
mil become practically a steady direct current. 

Ripple Voltage. The unidirectional output voltage of a power supply 
unit may be considered as a steady voltage having an alternating voltage 
superimposed upon it. The alternating component of the output voltage 
is referred to as the ripple voltage. The frequency of the ripple volt¬ 
age will depend upon the frequency of the input voltage and the type of 
rectifier. Since the ripple voltage does not vary in the same manner as a 
perfect sine-wave voltage, it may be considered as consisting of a funda¬ 
mental and a series of harmonics. In general, the relative effect of the 
harmonics is negligible as compared to the fundamental and the har¬ 
monics can usually be ignored. The fundamental frequency of the ripple 
voltage is equal to the input frequency for half-wave rectifiers and twice 
the input frecjuency for full-wave rectifiers. 

The effectiveness of a filter is measured by the ratio of the effective 
(rms) value of the fundamental component of the ripple voltage to the 
output voltage. This ratio is called the ripple factor. 

h = ^ • (11-3) 

Ltd-c 

where kr = ripple factor 

Er = rms value of the fundamental component of the ripple 
voltage 

Ed-e = average value of the output voltage 
The ripple voltage is often expressed in terms of its percentage of the 
output voltage, as 

Per cent Er == X 100 (U-*!) 

The type of service for which a power supply is to be used determines 
its allowable value of ripple voltage. For the plate supply voltages of the 
average radio receiver, a ripple voltage of 0.25 per cent or less is required 
in order to reduce the hum to a negligible amount. The ripple voltage for 
the microphone circuit in a radio transmitter should be less than 0.003 
per cent. In cathode-ray oscilloscopes, a ripple voltage as high as 1 per 
cent is sometimes permitted. 

Example 11-1. The output voltage of a power supply unit is 300 volts and the 
rms value of the ripple voltage is 0.6 volt. Wiat is the per cent of ripple voltage? 

Given; Find: 

Ed^e « 300 volts Per cent j&r * ? 

Er ■» 0.6 volt 
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Solution: 

Per cent i?, - ^ X 100 = ~ X 100 = 0.2 per cent 

£/ d-c uUU 

Operation of the Filter Circuit, Filter circuits associated with rectifier 
units use the energy-storing properties of capacitors and inductors to 
smooth out the ripple in the rectified output. The function of the capaci¬ 
tor is to smooth out the voltage variations and also increase the value of 
the output voltage. The function of the inductor is to smooth out the 
variations in current. The capacitor will store electrons during a portion 
of each cycle that the voltage increases, indicated as 1 to 2. 3 to 4, and 5 




Fiq. 11-19.—Filter action of a capacitor and an induetor. (o) Current or voltage output 

of a full-wave rectifier, (6) output from a capacitor, (c) output from an inductor. 

to 6 on Fig. ll-19o. During the portion of the cycle that the voltage 
decreases (2 to 3, 4 to 5, and 6 to 7 on Fig. ll-19a), the capacitor will 
slowly discharge some of its stored electrons. The voltage across 
the capacitor is thus made more uniform as indicated by Fig. 11-196. 
Because electrolytic capacitors provide high voltage and high capacitance 
ratings in comparatively small-size units, they are generally used in 
power supply filter circuits associated with radio receivers. The capaci¬ 
tance of electrolytic capacitors used for this purpose generally ranges 
from 4 /if to 50 /if and the d-c voltage rating may be as high as 800 volts. 
When a higher voltage rating is required, oil-impregnated paper dielectric 
capacitors are used. 

A characteristic of inductors is that they oppose any change in the 
amount of current that flows through them. Thus, when the output 
current of a rectifier flows through an inductor, the variations in current 
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strength (both increases and decreases) will be opposed by the action of 
the inductor. The output will thus be more uniform as indicated in Fig. 
11-19c. The inductors used in power supply filter circuits are called 
filter chokes and are wound on a soft-iron core. In order to maintain a 
high value of inductance for a wide variation in current flow, the iron core 
of some chokes is made with a small air gap to prevent saturation. The 
inductance of the filter chokes used in the average radio receiver ranges 
from 10 to 30 henries. 



( 9 > 


Fig. 11-20.—Types of filter circuits used with rectifiers. 

Resistors may be used with a capacitor to form a resistance-capaci¬ 
tance filter circuit. The time constant of resistance-capacitance filters 
must be large compared to the time of one cycle of the lowest frequency 
to be attenuated. Because of this, the d-c resistance of this type filter 
is comparatively high and thus the voltage drop, voltage regulation, and 
heat dissipation are great. The development of low-cost electrolytic 
capacitors having a high capacitance has made possible the use of lower 
values of resistance with this type of circuit. Resistance-capacitance 
filters are used when the requirements of low cost and compactness out¬ 
weigh the desirability of a high degree of filtering. 

Types of Filter Circuits. Power supply filter circuits are of the low- 
pass type, using one or more series inductors and one or more shunt 
capacitors. These filter circuits are usually referred to as being choke 
input or capacitor input filters depending upon whether an inductor or a 
capacitor is the first element in the filter network. A number of different 
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types of filter circuits are shown in Fig. 11-20, the choke-input filters being 
represented by (a), (6), and (c), and the capacitor-input filters by (d), 
(/)) (g). These filter circuits may be further classified as single¬ 

section filters represented by (a), (b) and (d); two-section filters as in 
(c), (e) and (g); and three-section filters as in (/). The number of 
sections of filtering that is required will depend upon the rectifier, the 
l#pe of filter circuit, and the allowable ripple factor. 

11-8. Capacitor-input Filter. Theory of Operation. A capacitor- 
input filter is a filter circuit in which the first element is a capacitor con¬ 
nected in parallel with the input from the rectifier. During the time that 
the rectifier tube is cond\i(;fing energy will be stored in the capacitor, and 
when the rectifier tube is not conducting part of the stored energy will be 
discharged through the filter network to the load. The capacitor 
increases the average value of the output voltage. The wave form of the 
capacitor voltage is indicated in Fig. 11-196 and may be considered as 
consisting of two parts: (1) the portion during the charging period repre¬ 
sented by a to 2, 6 to 4, c to 6, etc.; (2) the portion during the discharge 
period represented by 2 to 6,4 to c, 0 to d, etc. If the capacitor were to be 
discharged directly through a resistor, the discharge portion of the curve 
would decrease exponentially. However, the capacitor is usually made 
to discharge through an inductor, which helps further to smooth out the 
output current. The discharge portion of the curve will therefore 
decrease linearly and the resultant voltage wave that is applied to the 
inductor wdll approach a wave with a saw-tooth characteristic. The 
ripple component of the voltage across the input capacitor is prevented, 
from reaching the output circuit by the combined actions of the inductor 
(or inductors) and capacitor (or capacitors) that follow the input capaci¬ 
tor in the filter circuit. The mathematical analysis of this type of wave 
is quite complex and is beyond the scope of this text. 

Ripple Voltage. The per cent of ripple voltage that is developed 
across the input capacitor will vary inversely with the frequency of the 
rectified output, the effective load resistance, and the capacitance of the 
input capacitor. Thus, increasing any of these three factors in a filter 
circuit will decrease the per cent of ripple voltage. The effect of a varia¬ 
tion in any of these factors on the d-c output can be seen by observation 
of Fig. 11-196. Increasing the frequency of the rectified output decreases 
the time that the input capacitor is permitted to discharge. The capaci¬ 
tor will lose less of its charge, thus maintaining the voltage across it more 
nearly uniform. The extent to which the voltage across the input 
capacitor drops off is also affected by the time constant of the RC circuit, 
consisting of the input capacitor C\ and the effective load resistance 
Increasing either of these two values will increase the time constant of 
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the RoCi circuit, thereby decreasing the rate of discharge. The voltage 
across the input capacitor will thus be maintained more nearly uniform. 

Although it is difficult to obtain accurate calculations of the per cent 
of ripple voltage, the following equations will provide reasonable results 
for ripple voltages of 10 per cent or less; beyond this amount the accuracy 
decreases. The per cent of ripple voltage at the output of a single¬ 
section capacitor-input filter as shown in Fig. ll-20ci!, is 


Per cent Er.i 


^ 10« \/2 ^ 2246 X 10* 
- %r!rRoCx - frRoCx 


(11-5) 


where fr = frequency of the ripple voltage, cycles per second 
Ro = resistance of the load, ohms 

Cl = capacitance of the input filter capacitor, microfarads 
This equation can also be used to calculate the per cent of ripple voltage 
at the output of the first section (per cent of ripple voltage at Ci) for any 
multisection capacitor-input filter, examples of which are shown as (c), 
(/), and (g) of Fig. 11-20. 


Example 11-2. A power supply unit has a 60-cycle input to its rectifier, uses a 
single-section capacitor-input filter (Fig. ll-20<i), and delivers 40 ma direct current 
at 320 volts to the load. Determine the per cent of ripple voltage for (a) half-wave 
rectification and an 8-/if filter capacitor, (6) full-wave rectification and an 8-Mf filter 
capacitor, (c) half-wave rectification and a IG-^if filter capacitor, (d) fuU-wave rectifi¬ 
cation and a 16-/Lif filter capacitor. 


Solution; 


Given: 

Ed~c = 320 volts 
Id-e = 40 ma 
Cl - 8 Mf (a), (6) 
Cl « 16 td (c), (d) 
A - 60 (a), (c) 

fr « 120 (6), (d) 


Ra 


Ed-c 

Id^e 


320 

' 40 X 10-» 


Find: 

(a) Per cent Er.\, half-wave 
(&) Per cent Er.i^ full-wave 

(c) Per cent Fr.i, half-wave 

(d) Per cent Er.iy full-wave 


: 8000 ohms 


(o) 

(b) 

(e) 

(d) 


Per cent Er-i 


frRoC 1 

“ 60 X 8000 X 8 

^ 2245 X 10‘ 

2246 X 10‘ 

frRoCi 

™ 120 X 8000 X 8 

^ 2245 X 10^ 

2245 X 10* 

= frRoCl 

” 60 X 8000 X 16 ■ 

2246 X 10« 

2246 X 10« 


frRoCi 


120 X 8000 X 16 


5.84 per cent 
« 2,92 per cent 
2.92 per cent 
“ 1.46 per cent 


The results of Example 11-2 show that the per cent of ripple voltage 
for a single-section filter is considerably higher than is usually acceptable 
for radio applications. The additional filtering necessary to reduce the 
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ripple voltage to an acceptable value can be obtained by providing 
additional filter sections, as indicated by Figs. ll-20c, 11-20/, and 11-20^. 
The per cent of ripple voltage at the output of a two-section capacitor- 
input filter similar to that of Fig. ll-20e can be found by use of Eq. 
(11-6). The results obtained with this equation are not extremely 
accurate but provide reasonable accuracy for low percentages of ripple 
voltage. 

x ^ Per cent /n 

Per cent Er-i _ - 1 

where Sr .2 = ripple voltage at capacitor C 2 (Fig. ll-20e) 
per cent Er.i = obtained by use of Eq. (11-5), which is the ripple at 
capacitor Ci (Kg. 11-206) 

Jr = frequency of the ripple voltage, cycles per second 
L\ == inductance of Li (Fig. 11-206), henries 
C 2 = capacitance of C 2 (Fig. 11-206), microfarads 

Example 11-3. A power supply unit using a full-wave rectifier and a filter cir¬ 
cuit similar to Fig. ll-20e has a 60-cycle input and delivers 40 ma direct current at 
320 volts to the load. Capacitors Ci and C 2 are each 16 and the inductance of Lx 
is 16 henries. What is the per cent of ripple voltage at (a) Ci? (6) C 2 ? 

Given: Find: 

Jr = 120 cycles (o) Per cent Er at C\ 

Lx “ 15 henries (6) Per cent Er at Ci 

Cl, Cs « 16 Mf 

Solution: 

(a) Per cent Er.\ ^ 1.46 per cent [Same as Example 11-2 (d).] 

/rx p X p ^ Per cent Er.i _ 1.46 

W rer cent /&r .2 — [io-«(2T/r)*LiC2] - 1 “ [(2 X 3.14 X 120)*16 X 16 X 10-«] - 1 
« 0.010 per cent 

An approximate value of the per cent of ripple voltage Er.i at the out¬ 
put of a three-section capacitor-input filter similar to that of Fig. 11-20/ 
can be found by using a variation of Eq. (11-6). In this case Eq. (11-6) 
becomes 

•D 4 . TP cent Er^2 a \ 

Per cent Er.t = [io-«(27r/.)*LjC,3 - 1 

In a similar manner, Eq. (11-6) can be modified to determine the per cent 
of ripple voltage at the output of any number of succeeding sections of a 
multisection capacitor-input filter of this type. 

For a two-section resistance-capacitance filter similar to that of Fig. 
11-20^, an approximate value of the per cent of ripple voltage at the 
output can be found in the same manner as Example 11-3 by use of Eqs. 
(ll'^) and (11*7). Equation (11-7) can also be modified in the same 
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manner as described above for Eq. (11-6) to determine the per cent of 
ripple voltage at the output of succeeding sections of multisection resist¬ 
ance-capacitance filters. 


Per cent Er.^ 


Per cent Er-i X 10^ 
2irfrC2Rl 


(11-7) 


where C 2 eapacitance, microfarads 
Ri = resistance, ohms 

The results obtained with this equation are not extremely accurate but 
provide reasonable accuracy when the product of C 2 R 1 is 10,000 or more. 

Output Voltage. The output voltage of a capacitor-input filter 
circuit will vary with the capacitance and with changes in the effective 
load resistance. At no-load, or with a comparatively light load, the 
effective load resistance is comparatively high. The time constant of 
the RoCi circuit will therefore also be comparatively high and the output 
voltage will approach the peak value (also referred to as the crest value) 
of the alternating voltage being rectified. As the load current increases, 
the effective load resistance will decrease, thus also decreasing the time 
constant of the circuit. The resulting increase in the rate of discharge of 
the input capacitor will lower the average value of the voltage across this 
capacitor. When the output current is high, the effective load resistance 
is low, thus causing a considerable decrease in the output voltage. For 
average applications of capacitor-input filters, the output voltage at 
full-load will be approximately equal to the effective value of the alter¬ 
nating voltage being rectified. 

The variation in output voltage with changes in current is called the 
voltage regulation of the circuit and is usually expressed as a percentage. 

Voltage regulation = ip X 100 (11-8) 


where Enl = no-load voltage 
El = full-load voltage 

Since variations in the load current of a capacitor-input filter circuit 
result in a wide range of output voltage, the voltage regulation of this 
type of circuit is very poor. 

Example 11-4. It is desired to have a power supply unit that will provide 300 volts 
at the output terminals when supplying its rated full load current. What is the per 
cent of regulation if (o) the unit employs a full-wave rectifier and a capacitor-input 
filter, and the voltage with no load rises to 426 volts? (6) The unit employs a half¬ 
wave rectifier and a capacitor-input filter, and the voltage with no load rises to 480 
volts? 

Given: Find: 

El ^ 300 volts (a) Per cent of regulation 

EifL 426 volts (6) Per cent of regulation 

Enl ■■ 480 volts 



514 


ESSENTIALS OF RADIO 


[Akt. 11-9 


Solution: 

(а) Per cent of regulation = — ——— X 100 = X 100 = 42 per cent 

£dL ulKJ 

( б ) Per cent of regulation ~ —— X 100 = ^^ 07 ^— X 100 = 60 per cent 

rjjt oiKJ 

Characteristics of the Capacitor-input Filter. Compared to the choke- 
input filter, the capacitor-input filter will deliver a higher voltage at light 
loads, has a slightly better filtering characteristic, but has poorer voltage 
regulation. The current in the rectifier associated with a capacitor- 
input filter circuit does not flow uniformly but flows in pulses, hence the 
ratio of peak rectifier current to average current will be higher than in the 
choke-input system. The d-c voltage rating of the input capacitor should 
never be less than the peak transformer voltage, since at light loads the 
output voltage approaches this value. In order to provide a safety factor, 
it is usually desirable to use a capacitor whose worKing voltage rating is 
somewhat higher than this value. Capacitor-input filter circuits are 
generally used in power supply units that are required to deliver only 
small amounts of power, such as radio receivers, public-address systems, 
and testing apparatus. 

11-9. Choke-input Filter. Theory of Operation. A choke-input 
filter is a filter circuit in which the first element is an inductor connected 
in series vith the input from the rectifier. The filtering action of the 
series input inductor of the choke-input filter circuit (Fig. 11-20) can be 
explained in the following manner. During the portion of the rectified 
output cycle in which the current increases, the strength of the magnetic 
field about the inductor will increase and energy will be stored in the field. 
The inductor also opposes the increase in current. During the portion 
of the rectified output cycle in which the current decreases, the magnetic 
field about the inductor collapses, returning part of its stored energy 
to the circuit, and also opposes the decrease in current. These actions of 
an inductor thus tend to smooth out the ripple in the rectified output, as 
shown in Fig. ll-19c. From this figure, it can be seen that the current 
through the inductor is made up of an a-c component and a d-c com¬ 
ponent. The capacitor following the input inductor will tend to short- 
circuit the a-c component, thus producing a practically smooth voltage 
at its output terminals. 

If the ripple voltage from a single-section filter circuit exceeds the 
allowable percentage, it can be reduced by using additional filter sections 
as shown in Fig. ll-20c. The first inductor is usually called the input 
choke and the second inductor is called the smoothing choke. 

Ripple Voltage, The per cent of ripple voltage that is developed 
across the first capacitor Ci (Fig. 11-206 and ll-20c) will vary inversely 
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with the capacitance of Ci and the inductance of the input choke. There 
are no simple equations for determining the exact value of the per cent of 
ripple voltage; however, for most practical purposes an approximate value 
of the per cent of ripple voltage for a single-section filter can be obtained 
by use of the following equation. 

Per cent K.i ^ (11-9) 

where fr = ripple frequency, cycles 

Li = inductance of the input choke, henries 
Cl = capacitance of the first capacitor, microfarads 
This equation may be further simplified for determining the approximate 
per (‘ent of ripple voltage of a single-section filter whose ripple frequency 
is 120 cycles, as is the case when the input to the filter is obtained from a 
full-wave rectifier operated from a 60-cycle power source. Equation 
(11-9) may then be simplified to 

Per cent Er.i = (ll-9a) 


Example 11-5. Dot ermine the approximate per cent of ripple voltage at the out¬ 
put of a single-section choke-input filter circuit using a 15-henry choke and a 4-Mf 
capacitor. The input to the filter is obtained from a full-wave rectifier operated from 
a 60-cycle power source. 

Given: Find: 

I/i = 15 h Per cent Er^\ 

Cl - 4 Mf 

Solution: 

1> + ET ^ 109 100 , _ . 

Per cent Er.i = 7 - 77 - =* Vg ,^ : = 1.66 per cent 
LiLi 10 X 4 


An approximate value of the per cent of ripple voltage at the output of 
a two-section choke-input filter circuit can be obtained by use of the 
equation 


Per cent 7?r-2 


_ 1350 X 10» 


( 11 - 10 ) 


where L 2 = inductance of the smoothing choke, henries 

C 2 = capacitance of the second capacitor, microfarads 
This equation may be further simplified for determining the approximate 
per cent of ripple voltage of a two-section filter whose ripple frequency is 
120 cycles, as is the case when the input to the filter is obtained from a 
full-wave rectifier operated from a 60-cycle power source. Equation 
(11-10) may then be simplified to 


(11-lOa) 
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Example 11-6. Determine the approximate per cent of ripple voltage at the out¬ 
put of a two-section choke-input filter circuit using two 15-henry chokes and two 4-/*! 
capacitors. The input to the filter circuit is obtained from a full-wave rectifier oper¬ 
ated from a 60-cycle power source. 


Given: 

Li * La « 15h 
= Ca = 4 /xf 

Solution: 


Per cent Lr-a 


^ 650 

-LiLa(Ci -f-Ca)2 


Find: 

Per cent Er-i, 


650 

15 X 15(4 -f 4)2 


= 0.0451 per cent 


Example 11-7. Determine the approximate per cent of ripple voltage at the out¬ 
put of the single-section choke-input filter circuit used in Kxample 11-5, if the input 
is obtained from a full-wave rectifier circuit having a 25-cycle input. 

Given: Find: 

Li = 15 h Per cent Et,\ 

C\ = 4 Mf 
fin. = 25 cycles 

Solution: 


fr 

Per cent Er.i 


= 2/in. = 2 X 25 = 50 cycles 
^ 144 X 10" _ 144 X 10" 

fr^LiCi 50 X 50 X 15 X 4 


9.6 pel* cent 


The Input Choke. The input choke of a filter circuit serves two 
functions: (1) to maintain a continuous flow of current from the rectifier, 
(2) to prevent the output voltage from increasing above the average value 
of the alternating voltage applied to the rectifier. The output voltage 
and the peak plate current of the rectifier are both dependent upon the 
inductance of the input choke and the d-c resistance of the load. The 
minimum value of inductance required to maintain the output voltage at 
the average value of the alternating voltage being rectified is called the 
critical inductance. For a rectified output having a 120-cycle ripple fre¬ 
quency, an approximate value of the critical inductance may be obtained 
by use of the following equation. 


Lc 


Ro 

1000 


( 11 - 11 ) 


where Lc = critical value of inductance, henries 
Ro = output load resistance, ohms 

If the inductance of the input choke is less than its critical value, its 
impedance to the a-c component of the rectified output will be so small 
that the filter circuit will tend to operate as a capacitor-input filter. 
Increasing the inductance of the input choke to more than its critical 
value will further decrease the ratio of peak to average plate current, thus 
maintaining a more nearly uniform flow of current through the inductor. 
Increasing the value of the inductance beyond twice the critical value 



A.BT. 11 - 9 ] 


POWER SUPPLY CIRCUITS 


617 


does not correspondingly improve the operating characteristics of the 
filter. The optimum value of inductance is thus equal to twice the critical 
value of inductance. 


Example 11-8. Determine the optimum value of inductance for the input choke 
of a filter circuit having a d-c load resistance of 4000 ohms. The frequency of the 
rectified input is 120 cycles. 


Solution: 


Given; Find: 

Ro = 4000 ohms Lo — 1 

fr “ 120 cycles 


Lc 

Lo 


Ro 4000 
1000 “ 1000 
2Lc = 2 X 4 


*=* 4 henries 
= 8 henries 


Swinging Choke. It can be seen from Eq. (11-11) that the value of 
the inductance required for the input choke will vary directly with the 
effective load resistance and inversely with the load current. Thus, if 
the load current vanes over a wide range, some means must be provided 
for preventing the ratio of peak to average plate current from becoming 
excessive. The inductance of the choke coil will vary inversely with the 
value of the direct current flowing through it. A choke coil having an 
inductance of 10 henries with 100 ma flowing through it may have an 
inductance of 15 henries when the current flow is reduced to practically 
zero. A choke designed to have a critical value of inductance at full¬ 
load and an optimum value of inductance at no-load is called a swinging 
choke. 

Output Voltage. The average value of the output voltage at full-load 
of a choke-input filter is in the order of 65 to 75 per cent of the rms volts 
per plate at the rectifier. It should be observed that the output voltage 
with a choke-input filter is lower than that with a capacitor-input filter 
supplied with the same value of rms volts per plate. The decrease in 
output voltage is due to the effect of the inductance being introduced 
into the circuit and to the voltage drop at the choke due to its d-c resist¬ 
ance. In order to reduce the drop in voltage at the filter chokes, their 
d-c resistance should be kept as low as possible. 

Characteristics of the Choke-input Filter. Although the choke-input 
filter circuit delivers a lower output voltage than the capacitor-input 
filter circuit, its voltage regulation is much better. Another advantage 
of the choke-input filter is that the input choke prevents high instanta¬ 
neous peak currents, thus protecting the rectifier tube from being 
damaged. 

The input inductor and the first capacitor of a choke-input filter form 
a series resonant circuit. If the values of these two circuit elements make 



518 


ESSENTIALS OF RADIO 


[Art. 11-10 


the circuit resonant to the ripple frequency, high values of ripple voltage 
will be produced. It is therefore important that the values of inductance 
and capacitance used do not form a series resonant circuit that is tuned 
to the ripple frequency. 

Choke-input filter circuits are generally used where the output current 
is large or where the voltage regulation must be fairly good. Because 
choke-input filters operate best when the current flow is sustained over 
the complete cycle, they are usually used only with full-wave rectifiers. 
Filter circuits used with multiphase rectifiers are generally of the choke- 
input type. 

11-10. The Voltage Divider. Bleeder Resistor. Removing the 
external load from a power supply unit causes a high voltage to be 

developed across the filter capacitors. 
If the voltage becomes too high, it 
will cause a breakdown of the insula¬ 
tion in these capacitors. The voltage 
developed across the terminals of the 
filter capacitors when the external 
load is zero can be reduced to a safe 
value by connecting a fixed resistor 
across the output terminals of the 
filter circuit. This resistor is called 
a bleeder resistor. The amount of 
bleeder current varies with the re¬ 
quirements ef^the individual power 
supply unit and generally ranges from 10 to 25 per cent of the total cur¬ 
rent drawn from the rectifier. 

As a capacitor will retain its charge for a considerable length of time,'" 
the bleeder resistor also provides a path through which the filter capaci¬ 
tors will discharge when the power is turned off. This eliminates the 
danger of a high voltage shock when occasion arises to repair the power 
supply unit. 

Since the bleeder resistor draws a fixed amount of current continu¬ 
ously from the power supply unit, it reduces the value of the output 
voltage at no-load. The bleeder resistor thus also serves to improve the 
voltage regulation of the power supply unit by reducing the difference 
in voltage between that obtained at no load and that obtained at full load. 

The Voltage Divider. Because the elements of various types of elec¬ 
tronic tubes operate with different amounts of voltage, the power supply 
unit is generally required to deliver more than one value of voltage. 
The various voltages may be obtained by connecting a tapped resistor 
across the output terminals of the filter circuit (see Fig. 11-21). A 



Fig. 11-21.—Connection of a volt¬ 
age divider used in a power supply 
unit. 
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resistor connected in this manner is called a voltage divider. The voltage 
and current requirements of the power supply unit will determine the 
number of taps and the value of resistance between each pair of taps. 
The voltage divider also serves as a bleeder resistor. 

In addition to supplying the high operating voltages required by the 
plates and screen grids of electronic tubes, the power supply unit may also 
be required to supply the necessary grid bias voltages. This is accom¬ 
plished by connecting the voltage divider as shown in Fig. 11-22. 


3/ma 


Sd.Ima 


Output 
of filter 
circuit 


’*'250 volts 
Section-! 
100 volts 
Section-2 


266.Svolts 


\Secfion-3 


T 

1 

k22.9ma 
> 5.3ma_^ 


1 17.6ma j 

_j 

> Sima 

> -2 volts 


1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 i. vu/ro < 

' Sect/on-4X 
•3 VO Its X 

3f ma 
-3 volts 

1 

1 

1 

1 

1 

1 

Section-S< 

31 ma 

1 

CV-..L_ 

1 

_L_ 

-ISSvolts ] 

’’tS.Svolts 


Grid bias 
voltages; no 
current drawn 


3! ma 

Fia. 11-22.—A voltage divider circuit used for providing plate and grid-bias voltages 


Calculation of a Voltage Divider Circuit. The calculation of the 
correct resistance values and the power rating of the voltage divider may 
be accomplished by use of Ohm's law. The following procedure should 
be followed. 

1. Determine the voltage required at each tap and the current to be 
drawn from it. 

2. Determine the amount of bleeder current desired. This is the 
difference between the total current required by the tubes and the current 
necessary to operate the power supply at approximately 90 per cent of its 
rated value. 

3. Determine the current flow in each section of the voltage divider. 

4. Calculate the resistance of one section at a time. 

6. Determine the power rating of the voltage divider. 

Example li-9. Determine the resistance values of a voltage divider for a small 
superheterodyne receiver that employs a 6A8 oscillator-mixer tube, a 6SK7 i-f ampli¬ 
fier tube, a 6SQ7 detector-amplifier tube, and a 6F6 power output tube. The operat¬ 
ing voltages and currents are to be similar to those listed in Appendix XV for plate 
voltages of 260 volts. A power transformer rated at 90 ma is to be operated at 90 per 
cent of its rated value. 
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Given: Find: 

Tubes—OAS, 0SK7, 0SQ7, 6F6 R of each section 

It == 90 ma 
7,S’ “ 0,91 T 

Solution: 


From Appendix XV: 

Table XI-Il 


Tube 

6A8 

6SK7 

6SQ7 

6F6 

Eb — volts 

250 

250 

250 

250 

Ec 2 — volts 

100 

100 


250 

Ec 1 - volts 

-3 

-3 

-2 

-16 5 

lb ma 

7 5 

9 2 

0 9 

34 

7c 2 — ma 

2 7 

2 6 


() 5 


Note: Ib for the GAS is equal to the sum of the plate current (S.5 ma) and anode 
grid current (1 ma). 


ITsing the values of voltage and current as listed in Table XI-II, the voltage and cur¬ 
rent at each tap of the voltage divider will be as shown in Fig 11-22 The total 
voltage required frofn the power supply unit will be equal to the sum of the highest 
amount of plate voltage and the highest amount of giid-bias voltage. 


Eo « 250 -h 16.5 « 266.5 volts 
7260 * 7.5 -f 9.2 + 0.9 + 34 + 0.5 = 58.1 ma 
7 100 *= 2.7 + 2.6 = 5.3 ma 
7o = 1250 -h 1 100 — 58.1 -f 5.3 =* 63.4 ma 
7Bieeder - (0.97r) “ 7o = (0.9 X 90) - 63.4 = 17.6 ma 


jj 

T^Sec 2 

Rbvl 3 
Rseo 4 

Rsea 6 


250 - 100 
' 22.9 X 10-* 
100 - 0 
17.6 X 10-5 
2 ~0 

' 81 X 10-5 “ 
3-2 

81 X 10-5 “ 
16.5 - 3 
81 X 10-5 ” 


6550 ohms 


5681 ohms 


24.7 ohms 


12.3 ohms 


166 ohms 


Power Rating of the Voltage Divider. Assuming that a single resistor 
of uniform wire size is to be used, the voltage divider will have a uniform 
power rating. For this type of voltage divider, the highest current flow¬ 
ing through any part of the voltage divider must be used in determining 
the power rating. However, a separate resistor can be used for each 
section of the voltage divider, in which case the power rating of each 
section or resistor is determined by its own current and resistance ratings. 

As the voltage divider is usually mounted under the chassis of the 
radio receiver and therefore does not have much ventilation, it is recom- 
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mended that its power rating be approximately double that of the load it 
is to carry. 

Example 11-10. Determine the power rating of the voltage divider used in Exam¬ 
ple 11-9 for (a) a single resistor having four taps, (6) five separate resistors. 

Given: Find: 

Resistance and current values (o) Pr —single resistor 

determined in Example 11-9 (h) Pr —separate resistors 

Solution: 

(o) Rt = Rstic-l ~\r Raeo -2 + -^8eo-3 “f i2seo*4 + f^Seo-5 

= 6550 + 5681 + 24.7 + 32.3 + 166 = 12,434 ohms 
Pb = 21m^r^RT = 2 X (81 X X 12,434 - 162 watts 
(b) Pb.b^.i « 2ti*/2i = 2 X (22.9 X lO-^)* X 6550 « 6.87 watts 

Pr^s^o^ = 2tV/22 * 2 X (17.6 XIO"*)* x"5681 * 3.52 watts 

Pb b^.z = 2is^R3 = 2 X (81 X lO^*)* X 24.7 = 0.324 watt 

Prb^.a = 2U^Ra = 2 X (81 X lO-**)® X 12.3 * 0.162 watt 

Pa soc.s « 2u^Rb = 2 X (81 X lO-^)^ x 166 = 2.18 watts 

Thus, if a single resistor having four taps is to be used, the approxi¬ 
mate power rating of the voltage divider of Example 11-9 would be 162 
watts. Using five separate resistors, each designed to carry the amount 
of current actually flowing through it, the total power rating of the five 
resistors would be approximately 13 watts. As the five-section voltage 
divider has a much lower power rating, it is less expensive and also more 
practical. 

If one or more sections of a voltage divider breaks down, it is not 
necessary to replace the entire divider. Resistors of the correct values 
may be substituted in place of the defective sections after they have been 
disconnected from the circuit. 

11-11. The Power Supply Unit. Components of the Power Supply 
Unit, In the preceding discussion, the four components of the power 
supply unit, namely, the transformer, rectifier, filter, and voltage divider, 
have been considered as separate units. These four units are closely 
associated with each other and may be connected to one another to form 
the complete power supply unit as shown in Fig. 11-23. The rating of the 
transformer and the type of rectifier tube to be used will be determined by 
the values of output current and voltage required. The per cent of 
allowable ripple voltage will determine the type of filter circuit, the num¬ 
ber of sections required, and the values of its components. The position 
of the taps on the voltage divider will be determined by the value of the 
plate and screen-grid voltages of the tubes to be supplied. In some 
receivers, the speaker field is substituted for the smoothing choke L 2 of 
Pig. 11-23; thus one less part is required. 
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Output Voltage, Because of the resistance of the tube and the filter 
chokes, there will be a drop in voltage at each of these circuit elements. 
These voltage drops must be added to the output voltage in order to 



Fig. 11-23. —Power supply circuits, (o) Circuit with a half-wavo rectifier and a capacitor- 
input filter, (6) circuit with a full-wave rectifier and a choke-input filter. 

determine the rms value of the voltage required at the secondary of the 
power transformer. The output voltage at normal load for the full-wave- 
rectifier choke-input-filter power supply unit of Fig. 11-236 can be 
expressed as 

Eo — O.QEs — Et — El.i — Eij.2 ( 11 - 12 ) 

For the half-wave-rectifier capacitor-input-filter power supply unit of 
Fig. 11-230 

E, = Ea — Et — Eh.i (11-13) 

where E, — output voltage of the power supply unit 
Es — rms volts per plate at the rectifier 
Et = voltage drop at the rectifier tube 
Bt.t “ voltage drop at the input choke 
El.% » voltage drop at the smoothing choke 
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Example 11-11. A choke-input filter circuit similar to that shown in Fig. 11-23& 
is to be used in the pow('r supply unit of the superheterodyne receiver of Example 11-9. 
The d-e resistance of the input or swinging choke is 80 ohms. A speaker field having 
a d-c resistance of 900 ohms is used as the smoothing choke. Determine the alter¬ 
nating voltage at the plates of the reetifit'r w’hen using a full-wave rectifier tube whose 
internal voltage drop is 30 volts at full load. 


Solution: 


Given: 

Eo — 266.5 volts 
Er ~ 30 volts 
Rl i =80 ohms 
Rj ..2 = 900 ohms 
Is = 81 ma 


Find: 

= ? 


El»i 
El. 2 

Es 


IsRl.i = 81 X 10-3 X 80 - 6.48 volts 
IsRl .2 = 81 X 10-2 X 900 - 72.9 volts 
Eo+Et + El.i 4- El.2 _ 266.5 4- 30 4- 6.48 + 72.9 
0.9 0.9 


417 volts 



Ca)- Choke-input filter Capacitor-input filter 

Fig. 11-24.—Operating characteristics of a power supply unit, (o) With a choke-input 
filter, (b) with a capacitor-input filter. 


Voltage Regulation, The results of Example 11-4 indicate that the 
regulation of a power supply unit that does not use a bleeder resistor is 
very poor. When a bleeder resistor (which may also be serving as a 
voltage divider) is used, disconnecting the external load does not cause 
the ncHload current to drop to zero milliamperes. Instead, the no-load 
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current now has an appreciable value that may be determined by Ohm^s 
law. Under this condition, the no-load voltage will be considerably 
lower than if the current had dropped to zero. From Eq. (11-8), it can 
be seen that a reduction in the no-load voltage will result in a smaller 
variation between the no-load and full-load voltages, thus improving the 
regulation of the power supply unit. The curves of Figs. 11-24 and 11-25 
illustrate the operating characteristics of several power supply systems. 

Example 11-12. A power supply unit represented by the curves of Fig. 11-24 is 
to supply 300 volts at the input to the filter at 100 ma and its no-load current is 20 ma. 
What is the per cent of regulation for (a) the capacitor-input filter circuit? (6) the 
choke-input filter circuit? 

Given: 

El = 300 volts 
/l = 100 ma 
/vL *= 20 ma 

Solution: 

(o) From Fig. 11-246, Ekl == 380 volts 

Per cent of regulation = —- ^ ^ X 100 
- J^L 

(6) From Fig. ll-24a, Enl *= 330 volts 

Per cent of regulation « —— X 100 

XjL 

The curves of Figs. 11-24 and 11-25 indicate the output voltage at the 
input to the filter. The output voltage at the terminals of the voltage 
divider will be less than this amount because of the voltage drop at the 
filter choke (or chokes). 

Example ll-13. What is the per cent of regulation on the basis of the voltage at 
the terminals of the voltage divider for the conditions of Example 11-12 with a capaci¬ 
tor-input filter whose smoothing choke has a resistance of 335 ohms? 

Given: Find: 

Voltages from Example ll-12a Per cent of regulation 

II * 100 ma 
IifL *“ 20 ma 
Rl » 335 ohms 

Solution: 

E..L » JS? - //?L - 300 - 100 X 10-* X 335 - 266.5 volts 
Eo^Nh ^ E - IRl SSO - 20 X 10-"» X 335 « 373.3 volts 

Per cent of regulation « • X 100 » X 100 « 40 per cent 

11-12. Transformerless Power Supply Units. A-C/D-C Power 
Supplies. The voltage from an a-c power source may be rectified by 
applying this voltage directly to the plate-cathode circuit as in Fig. 11-26. 
Tlie output voltage <rf this power supply unit will be approximately equal 


380 - 300 ^ ^ 

= - 3 QQ—■ X “ 26.6 per cent 

330 “ 300 ^ 

SB--—. X 100 = 10 per cent 


Find: 

(а) Per cent of regulation 

(б) Per cent of regulation 
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to the alternating voltage input to the rectifier. If a higher output 
voltage is required, a voltage multiplier rectifier circuit is used (see Fig. 
11-27 and Art. 11-6). Since a transformer is no longer required to step 



Fio. 11-25.—Operating characteristics of power supply units, (a) Characteristics 
with capacitor-input and choke-input filters for circuits using a type 5W4 tube, (b) half¬ 
wave and full-wave characteristics with capacitor-input filter for circuits using type 81 
tubes. 



Fig. 11-26.—A transformerless power supply unit employing a half-wave rectifier operated 

directly from the power line. 

up the line voltage, this type of power supply unit can be operated 
directly from either an a-c or a d-c power line. 

Another advantage of the line rectifier type of power supply is its 
compactness, which has made it possible to manufacture the small a-c/d-c 
radio receivers. In addition to radio receiver applications, the trans- 
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formerless power supply is also used in test equipment and electronie 
apparatus where a limited amount of space is available. 

A resistor can be substituted for the smoothing choke as shown in Fig. 
11-27, thus making the power supply unit still more compact by elimi¬ 
nating the choke coil. The cost of this type of power supply unit is 
comparatively low, as both the power transformer and the filter choke are 
eliminated. 

In some types of electronic equipment, the magnetic fields set up 
about the power transformer and filter chokes arc undesirable. The line 



Fig. 11-27.—A transformerless power supply unit employing a voltage doubler rectifier. 


rectifier type of power supply has an advantage in this kind of application 
since both units can be eliminated. 

Rectifier Tubes. In order to eliminate the filament transformer, the 
heater of a line voltage rectifier is connected in series with the heaters of 
the other tubes in the receiver (or other electronic device) and the power 
line. If the sum of the heater voltages of all the tubes is less than the line 
voltage, a suitable resistor is connected in series with the heaters and the 
power line to provide the required voltage drop (see Art. 4-3). Since the 
energy consumed by the dropping resistor represents a loss, high-voltage 
heater tubes are generally used with transformerless power supplies in 
order to minimi ze or totally eliminate this loss. All the high-voltage 
heater tubes designed expressly for use with transformerless power 
supplies are of small size. Rectifier tubes for this type of service may be 
half-wave, full-wave, or of the voltage-multiplier type. The heater 
voltages range from 12 to 117 volts. Representative of these tubes arc 
the types 12Z3, 25Z6, 35Z5-GT, 45Z5-GT, and the 117Z6-GT. The 
output current of line rectifier tubes is lower than for tubes designed for 
transformer operation. 

Some line rectifier tubes are combined in a common envelope with a 
beam power amplifier. Examples of this type of tube are the 70L7-GT 
and the 117L/M7-GT. Because of the high voltage on the heater, 
these tubes draw a comparatively low amount of current; the heater 
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current of the 117 Tj/M 7-GT is only 90 milliamperes. Combining the 
rectifier and power amplifier in a single envelope physically eliminates a 
tube and socket. This feature is desirable where space is limited or 
where the cost is a deciding factor. 

Characteristics of the Transformerless Power Supply Unit, From a 
study of the principle of operation of the line voltage rectifier, it can be 
seen that a capacitor-input filter circuit should be used with this type of 
rectifier. The voltage regulation is comparatively poor and is dependent 
upon the capacitance values of the filter capacitors. The higher the 
capacitance, the better will be the voltage regulation. Filter capacitors 
used with transformerless power supplies may range from 16 pi to 40 pi. 

Because of the comparatively low output current of the rectifier tube, 
the output current of the power supply unit is also low. As the heaters 
of these tubes radiate a considerable amount of heat, the filter capacitors 
should not be placed near the rectifier tube or the capacitor may become 
damaged. 

In the transformerless power supply units of Figs. 11-11 and 11-12 one 
side of the power line is connected directly to the negative terminal of 
the output of the power supply unit, generally referred to as B —. Essen¬ 
tially the same condition exists in the case of the circuit of Fig. 11-13, 
since the B — terminal is connected to one side of the power line through 
capacitor Ca. The high value of capacitance normally used at Ca results 
in a low impedance and hence the line may be considered as being con- 
ductively connected to the B— terminal. If this negative terminal is 
connected directly to the chassis, as is commonly done with transformer- 
type power supply units, it introduces two possible sources of danger, 
namely, electric shock and fire hazard. This danger is present when one 
side of the power line is grounded at the service entrance, as is done in 
most communities. Since either side of the power line may be connected 
to the chassis, depending upon the direction in which the attachment 
plug is inserted in the power outlet, it will be possible to connect either the 
grounded or the ungrounded side of the power line to the chassis. When 
the ungrounded side is connected to the chassis, touching any metal part 
of the receiver may result in an electric shock. Also, an accidental short 
circuit of the B power leads or a breakdown of a capacitor will cause a 
virtual short circuit of the power lines with its attendent fire hazard 
Grounding the radio receiver to a radiator, water pipe, etc., whether 
intentionally or not, will also be a possible source of danger. 

The danger of electric shock, and the danger caused by grounding the 
chassis to water pipes, etc., can be eliminated by using a bus bar or 
conductor that is insulated from the chassis as the B— line. Under this 
condition, the chassis :s usually connected to the B— line through a 
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capacitor of about 0.1 /xf or less. This capacitor, Ca in Figs. 11-26 and 
11-27, provides a low impedance path for r-f grounding yet presents a 
high enough impedance at 60 cycles to practically eliminate the afore¬ 
mentioned dangers. The danger of fire hazard is generally reduced by 
enclosing in metal containers those parts connected in the circuit in 
such a manner that a breakdown may present fire hazards. 

11-13. Vibrator Power Supply Units. Types of Vibrators. When 
a radio receiver or other type of electronic eejuipment is to be operated 
from a low voltage d-c power supply such as a storage battery, the con¬ 
ventional power transformer and rectifier tube circuit cannot be used for 
obtaining the high operating voltages required for the plate and screen- 
grid circuits. The direct current power from the battery can be changed 
to alternating current by use of an electromagnetic device that reverses 
the direction of current flow in the power transformer during each 
vibration of its vibrating armature. This device is called a vibrator. 
It is used extensively in the power supplies of battery-operated electronic 
equipment to convert the low direct voltage of the battery to an alternat¬ 
ing voltage that can be increased to any desired value by means of a 
transformer. 

Basically, there are two types of vibrators: (1) the synchronous 
vibrator, (2) the nonsynchronous vibrator. The nonsynchronous vibra¬ 
tor interrupts the d-c circuit at a frequency that is unrelated to the other 
circuit constants. Since the high alternating voltage output of the power 
transformer is then normally rectified by means of a rectifier tube, this 
type of vibrator may also be called a tube-type vibrator. A synchronous 
vibrator, in addition to changing tbe low direct voltage to an alternating 
voltage, simultaneously rectifies the high alternating voltage output at 
the secondary of the power transformer. Rectification is accomplished 
by employing an additional set of contacts, thereby eliminating the need 
of a rectifier tube. 

Nonsynchronous Vibrator Power Supply Unit. A circuit diagram of a 
nonsynchronous vibrator power supply unit is shown in Fig. 11-28. At 
the instant that the switch Si is closed, current will flow from the battery 
through coil Li, section 1-2 of the primary winding of the transformer, 
coil L 2 , and back to the battery. Coil L 2 is wound on a soft-iron core, 
which becomes magnetized when current flows through the coil. The 
vibrating reed li is so constructed that when a current flows through L 2 , 
the reed is attracted toward the magnet. As the reed approaches the 
magnet it makes contact with point A , thus short-circuiting the coil L 2 . 
Since the iron core is then no longer magnetized, the vibrating reed is 
released and tends to return to its normal position. However, because of 
the force present when it is released, the reed moves past its normal 
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position and makes contact with point B and then returns to its normal 
position. At the instant that contact is being made at point B, current 
will flow through section 1-3 of the primary winding of the transformer. 
Current will flow in this circuit for only a very short period of time because 
contact is made at point B only instantaneously during the forward 
swing of the vibrating reed after it is released from point A, When the 
reed returns to its normal position, current will again flow through coil 
L 2 and the cycle of operations will be repeated. These operations occur 



Fig. 11-28.—Circuit diagram of a power supply unit using a nonsynchronous vibrator. 


very rapidly and the complete cycle of operations is repeated many times 
per second. 

It can be seen that for each cycle of operations the current is caused 
to flow in opposite directions through each half of the primary winding 
of the transformer. Since this flow of current is essentially the same as an 
alternating current, the voltage at the secondary terminals can now be 
increased to any desired value by increasing the ratio of secondary to 
primary turns of the transformer. The output of the secondary wind¬ 
ing is then rectified by a tube and filtered in the usual manner. 

Synchronous Vibrator Power Supply Unit The output from the 
secondary of the power transformer can be rectified by adding another 
set of points to the vibrator, thereby eliminating the need of a rectifier 
tube. These points are connected to opposite ends of the secondary 
winding of the transformer as shown in Fig. 11-29. In this circuit, when 
the vibrating reed makes contact with point A it also makes contact with 
point C, thus grounding terminal 2 of the primary winding and terminal 
4 of the secondary winding of the transformer. In a similar manner, 
when the reed makes contact with point B it also makes contact with 
point D, thus grounding terminals 3 and 5 of the transformer. Terminal 
6, which is one terminal of the output circuit, is thus always positive and 
terminals 4 and 5 are alternately connected to ground during opposite 
halves of the cycle. It can thus be seen that the output of the trans- 
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former is rectified since current flows in opposite directions in each half 
of the secondary winding during alternate halves of the cycle. 

Filters, A surge of current will occur each time the primary winding 
is connected to or disconnected from the d-c power source. Connecting 
a capacitor across the primary winding will absorb this surge of cAirrent, 
thus preventing the contact points or rectifier tube from being damaged. 
The amount of capacitance required to absorb this surge will decrease 
with an increase in the applied voltage. It is thus more economical to 
connect a capacitor across the secondary winding of the power trans¬ 
former (C 2 in Figs. 11-28 and 11-29) because the higher voltage at the 
secondary winding makes it possible to use a lower value of capacitance. 
This capacitor is called a buffer capacitor. As the capacitance reflected 



Fia. 11-29.—Circuit diagram of a power supply unit using a synchronous or self-rectifying 

vibrator. 

to the primary from the secondary increases as the square of the second¬ 
ary to primary turns ratio [see Eq. (2-82)], it produces substantially the 
same result as connecting a high value of capacitance in the primary 
circuit. 

Each time the contacts are opened, sparking will take place at the 
contacts. This sparking produces radio-frequency transients, thus 
causing interference if the power supply is used with a radio receiver. 
This interference is commonly referred to as hash and may be minimized 
by use of filter circuits and by shielding the entire vibrator upit. A hash 
filter circuit is usually connected in the battery circuit and consists of an 
r-f choke coil and a 0.6-/if to l-/xf capacitor as represented by Li and Ci 
in Figs. 11-28 and 11-29. Another hash filter circuit is connected in the 
output circuit and consists of an r-f choke coil and a Q.d-^f to 0.1-/if 
capacitor as represented by Lz and Cz in Figs. 11-28 and 11-29. 

Characteristics of the VibrcUor Power Supply Unit The vibrator 
power supply unit represents an inexpensive compact means of obtaining 
the high operating voltage for the plate and screen-grid circuits from a 
low-voltage battery. It can thus be very effectively used in all types of 
portable electronic equipment that is to be operated from low-voltage 
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batteries. However, the vibrator has a limited life, and its associated 
circuits require a complex filtering and shielding system. 

The type of vibrator to be used will depend upon the power supply 
requirements. In addition to the choice of either the synchronous or 
nonsynchronous type of vibrator, the current output and the type of 
interrupter and rectifier circuits must also be considered. Figure 11-30 
shows the construction of an eight-contact vibrator. This unit may be 
connected to operate simply as an interrupter or as a self-rectifier. In 



/. Stranded leads and 6. Reed contact arms 
soft rubber tubing 7. Outer contact arms 

2. Spring washer-plate 8. Reed and armature 

3 . Stack damping screws 9. Pole-piece integral 

4. Stops and solder lugs with frame 
4, Reed slot for starting lO.CoH 

Tig. 11-30.—Construction of a vibrator unit employing four sets of contactors. {Courtesy 
of P. R, Mallory & Company, Inc,) 

either circuit, the vibrator is capable of carrying the current required to 
produce 30 watts of output power. 

11-14. Voltage Regulation. Gaseous Regulator Tubes. It has been 
shown that because of various circuit conditions the output voltage will 
vary inversely with the output load. Variations in the voltage of the 
a-c input to the power supply will also cause the output voltage to vary. 
There are a number of power supply applications where the voltage 
applied to the load must be maintained practically constant regardless of 
the voltage regulation of the power supply unit. For low current appli¬ 
cations, a cold-cathode gaseous diode having a practically constant 
internal voltage drop can be used as a voltage regulator. Typical voltage 
regulator tubes are the 0B3/VR90, OCS/VRIOS, and the 0D3/VR160. 
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The voltago rogulating rharacleristics of these three tubes are illustrated 
by the curves of Fig. 11-31. From these curves it can be seen that the 
variation in operating voltage from no-load to full-load for these tubes is 
approximately only five volts. 



6 



Fig. 11-31.—Operating characteristics of typical voltage-regulating tubes. 

Unregulated 



^Regu fated 



Fig. 11-32.—^Voltage-regulating circuits using gaseous regulator tubes, (a) Circuit 
providing one value of regulated voltage, (b) circuit providing two values of regulated 
voltage. 
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A voltage slightly higher than the operating voltage must be used to 
ionize the gas inside the tube in order to have it start operating. Once 
the tube is started, it will continue to operate at some value of voltage 
within its operating range. 

Voltage Regulator Tube Circuits. The voltage regulator tube is con¬ 
nected to the output of the power supply as shown in Fig. 11-32. In 
order to limit the current flowing through the regulator tube to a safe 
value, a resistor should always be connected in series with the tube and 
the power supply unit. The value of this resistor will depend upon the 
output voltage of the pow^r supply and the operating voltage of the 
regulator tube. When it is required to provide a regulated voltage that 
is higher than that obtained from one tube, two or more similar voltage 
regulator tubes may be connected in series, as shown in Fig. 11-326. 
The voltage at terminal 1 of either Fig. ll-32a or 11-326 will be approxi¬ 
mately equal to the output voltage of the power supply unit. This 
voltage is unregulated and its variation will be dependent upon load con¬ 
ditions. The voltage obtained at terminal 2 or 3 is regulated and its 
value will be dependent upon the voltage rating of the tube or tubes used 
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QUESTIONS 

1. (a) What is the purpose of the power supply? (6) What are the general 
requirements of a power supply? (c) How may power supplies be classified? 

2. What is the purpose of (a) the A power supply? (6) The B power supply? 
(c) The C power supply? 

8. (a) What are the advantages of battery power supplies? (6) What are the 
disadvantages of battery power supplies? 

4 . (a) What method is commonly used to obtain d-c power at high voltages from 
a low-voltage battery? (6) Where is this method generally used? 

8 . (a) Why is the power line the most desirable source of power for stationary 
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electronic equipment? (6) Explain why the voltages required to operate electronic 
tubes cannot be taken directly from the power line. 

6 . (tt) Namp the four parts of a power supply unit used to convert alternating 
current to direct current, (b) Explain the function of each of these parts. 

7. (a) Name the four basic types of power supplies used in radio receivers that 
operate from a-c power lines, (b) What factors determine the type of power supply 
to be used? (c) What factors must be taken into consideration when determining 
the requirements of a power supply? 

8 . (a) What is the main purpose of the power transformer? (6) For what addi¬ 
tional purpose is it sometimes used? 

9. (a) How are power transformers usually rated? (6) What additional rating 
is sometimes used? 

10. Explain the principle of operation of a voltage regulating transformer. 

11. Explain how alternating current may b(‘ n'ctihed by use of a diode. 

12. (a) For what type of service are high-vacuum-type tubes used? (6) For what 
type of service are gaseous-type tubes used? 

18. How are the following types of rectifier tubes classified in terms of their voltage 
regulation: (a) high-vacuum-type rectifier tubes? (6) Mercury-vapor rectifier tubes? 
(c) Ionic-heated cathode rectifier tubes? 

14. (a) What four factors are generally used in rating rectificT tubes? (b) Are 
these ratings fixed values? (c) Explain your answer to part (b). 

16. Define: (a) Alternating voltage per plate, (6) peak inverse voltage, (r) peak 
plate current, (d) load current. 

16. (a) Describe the construction of the contact-type rectifier. (6) Explain the 
principle of operation of the contact-type rectifier. 

17. What are the applications of (a) copper-oxide rectifiers? (b) Chopper-sulphide 
rectifiers? (c) Selenium rectifiers? 

18. (a) Explain the principle of operation of a half-wave rectifier circuit using a 
single diode. (6) What arc the output current and inverse peak voltage character¬ 
istics of this type circuit? 

19. (a) Explain the principle of operation of a full-wave rectifier circuit using two 
diodes and a power transformer having a center-tapped secondary, (b) What are the 
output current and inverse peak voltage characteristics of this type circuit? 

20. Compare the output voltage of a half-wave and a full-wave rectifier for a sine- 
wave input. Assume that the output is applied directly to a resistive load and that 
the voltage drops at the transformer secondaries and the rectifier tube are negligible. 

21. (a) Explain the principle of operation of a full-wave bridge rectifier circuit. 
(6) What are the output current and inverse peak voltage characteristics of this type of 
circuit? 

22. (a) What are the important characteristics of bridge-type rectifier circuits? 
(6) Where is this type of circuit generally used? 

28. Explain the principle of operation of a full-wave voltage doubler circuit. 

24. (a) How may the voltage regulation of the voltage doubler circuit be improved? 
(b) What is the limiting factor that must be taken into consideration when using this 
method? 

26. (a) Explain the principle of operation of a half-wave voltage doubler circuit. 
(6) What are the advantages and disadvantages of this type of circuit? 

28. Explain the principle of operation of a half-wave voltage multiplier circuit. 

87. Explain the principle of operation of a full-wave voltage multiplier circuit. 

88 . What provisions should be made in voltage multiplier circuits to prevent the 
rectifier tubes from beiag damaged? 
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29. (a) How does the principle of operation of multiphase rectifier circuits compare 
with single-phase rectifier circuits? (6) What are the advantages of multiphase 
rectifier circuits? (c) For what typ(' of service are multiphase rectifier circuits gen¬ 
erally used? 

30. (a) What is the purpose of parallel operation of rectifier tubes? (6) What 
safety provisions should be made when operating gas tubes in paralkd? 

31. What were some of the objections to the use of contact type rectifiers before 
the development of the selenium rectifier? 

32. What are some of the advantages of the selenium type contact rectifier over 
the vacuum tube rectifier? 

33. Define: (a) ripple voltage, (6) ripple factor, (c) per cent of ripple voltage. 

34. What is the function of (a) the filter circuit? (b) The filter capacitor? (c) 
The filter choke? 

36. Explain the filtering action of (a) the filter capacitor, (6) the filter choke. 

36. (a) What are the operating requirements and characteristics of a resistanco- 
cai)acitanc(' filter circuit? (b) Where is this type of lilter circuit used? 

37. What is meant by {a) a low-pass filter? (b) A choke-input filter? (c) A 
capacitor-input filter? (d) A single-section filter? (e) A multisc'ction filter? 

38. Explain the principle of operation of a single-section capacitor-input filter 
circuit. 

39. Explain how the per cent of ripple voltage is affected by changes in (a) the 
frequency of the rectifi(‘d output, (6) the effective load resistance, (c) the capacitmice 
of the input capacitor. 

40. Why does a capacitor-input filter circuit have poor voltage regulation? 

41. How do the operating characteristics of a capacitor-input filter circuit com¬ 
pare with those of a choke-input filter circuit? 

42. For what type of service are capacitor-input filter circuits generally used? 

43. What is the purpose of connecting a low value of resistance directly in the 
r(*ctifier tube circuit of a power supply unit employing a capacitor-input filter? 

44. Explain the principle of operation of a single-section chok('-input filter circuit. 

46. Explain how the per cent of ripple voltage of a choke-input filter circuit is 

affected by (a) the input choke, (6) the first capacitor, (c) the smoothing choke, (a) 
the second capacitor. 

46. Give two functions of the input choke. 

47. What is meant by (a) the critical value of inductance? (b) The optimum 
value of inductance? 

48. How does the value of inductance of the input choke affect th(» operation of the 
filter (dreuit? 

49. (a) What is meant by a swinging choke? (b) What is its function? 

60. What are the characteristics of a choke-input filter circuit? 

61. For what type of service are choke-input filter circuits generally used? 

62. What are the functions of the bleeder resistor? 

63. What are the functions of the voltage divider? 

64. What are the advantages of using a separate resistor for each section of a 
voltage divider rather than a single resistor having the necessary taps? 

66. Explain how the use of a bleeder resistor improves the voltage regulation of a 
power supply unit. 

66 . Describe four advantages of the transformerless type of power supply. 

67. Why do the rectifier tubes used in transformerless power supplies have high- 
voltage heaters? 
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58. Why are capacitor-input filter circuits used with transformerless power supply 
units? 

69. What are the characteristics of transformerless powiT supplies? 

60. (a) Explain how the negative terminal of a transformerless pow(*r supply unit 
introduces two possible sources of danger, (h) Describe a few of the methods that 
can be used to eliminate these sources of danger. 

61 . (a) What is a vibrator type of power supply unit? (6) What is the purpose* of 
the vibrator? (c) Where are vibrator power supplies used? 

62 . W^hat is meant by (a) a synchronous vibrator? (b) A nonsynchroiious 
vibratoi ? 

63 . Describe the principle of operation of a nonsynchronous vibrator power supply 
circuit. 

64 . Describe the principle of operation of a synchronous vibrator power supply 
circuit. 

66. (a) What is the purpose of the buffer capacitor? (b) How is the buffer capaci¬ 
tor connected in the circuit? 

66. (a) What is meant by hash? (6) How is hash eliminated? 

67 . What are the advantages and disadvantages of vibrator power supply units? 

68. For what types of service are gas(*ous voltage regulator tubes used? 

69 . (a) How are voltage regulator tubes connected in the power supply circuit? 
(6) Why should a resistor always be connected in series with the regulator tube and 
the power supply? 

70 . Explain how it is possible to obtain voltage regulation in a power supply cir¬ 
cuit whose regulated output voltage is higher than the voltage rating of the standard 
regulating tubes? 

PROBLEMS 

1. A certain power supply unit using a single diode has its output connected 
directly to a resistance load. The voltage at the secondary terminals of the power 
transformer is 300 volts, (a) What is the output voltage of the power supply unit if 
the voltage drops at the tube and the transformer secondary are neglected? (6) 
Draw a sketch of the wave form of the output voltage, (r) What is the output voltage 
if the drop at the tube is 30 volts and the drop at the transformer secondary is 15 volts? 
(d) What is the peak inverse voltage? 

2. A power supply unit using a duo-diode as a full-wave rectifier has its output 
connected directly to a resistance load. The secondary of the power transformer is 
center-tapped and has a voltage of 300 volts from each side to the center tap. (a) 
What is the output voltage of the power supply unit if the voltage drops at the tube 
and the transformer secondary are neglected? (b) Draw a sketch of the wave form 
of the output voltage, (r) What is the output voltage if the drop from each plate to 
cathode is 25 volts and the drop from the center tap to the outside terminals of the 
transformer secondary is 15 volts? (d) What is the peak inverse voltage? 

3 . A power supply unit using four diodes in a full-wave bridge rectifier circuit has 
its output connected directly to a resistance load. The voltage across the secondary 
terminals of the power transformer is 450 volts, (a) What is the output voltage of the 
power supply unit if the voltage drops at the tubes and the transformer secondary are 
neglected? (b) Draw a sketch of the wave form of the output voltage, (c) What is 
the output voltage if the drop at each tube is 30 volts and the drop from the center 
tap to the outside terminals of the transformer secondary is 15 volts? (d) What is 
the peak inverse voltage? 

4 . A full-wave voltage doubler power supply circuit similar to Pig. 11-lOa is being 
supplied with a secondary voltage of 300 volts. What is the output voltage if the 
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capacitors used are capable of maintaining an average value of voltage equal to (a) 
the rms value of the voltage at the secondary terminals? (6) 90 per cent of the rms 
voltage at the secondary terminals? (c) 80 per cent of the rms voltage at the second¬ 
ary terminals? 

5. A half-wave voltage doubler circuit similar to Fig. 11-11 is being operated from 

a 120-volt a-c power line, (a) What is the peak voltage possible at capacitor Ci? 
(b) What is the peak voltage possible at capacitor C 2 ? (c) What is the peak inverse 

voltage at tube 1? (d) What is the peak inverse voltage at tube 2? 

6. A half-wave voltage multiplier circuit similar to Fig. 11-12 is being operated 
from a 120-volt a-c power line, (a) What is the peak voltage possible at each capaci¬ 
tor? (6) What is the peak inverse voltage at each tube? 

7. (a) Draw a diagram of a half-wave voltage multiplier circuit using three tubes 
and three capacitors to provide* an output voltage of approximately 350 volts when 
operated from a 117-volt a-c power line, (h) What is the minimum standard voltage 
rating recommended for each capacitor? (c) What standard voltage rating capaci¬ 
tors would you recommend if it is desired to allow for a reasonable safety factor? 
(d) What is the peak inverse voltage at each tube? 

8 . (a) Draw a diagram of a half-wave voltage multiplier circuit using four tubes 
and four capacitors to provide an output voltage of approximately 450 volts when 
operated from a 115-volt a-c power line. (5) What is the minimum standard voltage 
rating recommended for each capacitor? (e) What standard voltage rating capaci¬ 
tors would you recommend if it is desired to allow for a reasonable safety factor? 
(d) What is the peak inverse voltage at each tube? 

9 . If the rectifier circuit of Fig. 11-16 employs four 35Z4-GT tubes, what is the 
maximum load current that the circuit can supply? (Obtain current rating of the 
tubes from Appendix XV.) 

10. A power supply circuit similar to Fig. 11-16 employs four 5T4 duo-diodes with 
their plates connected in parallel so that each tube acts as a diode. The maximum d-c 
output of a tube connected in this manner is 225 ma. What is the maximum load 
current that the circuit can supply? 

11. A certain half-wave power supply unit is being operated with 260 volts and 60 
cycles at the input. It is being operated without a filter circuit, hence the output 
is fed directly to its resistance load. The rms value of the fundamental component of 
the ripple voltage is 130 volts, (o) What is the average value of the output voltage? 
(b) What is the per cent of ripple voltage? (c) What is the frequency of the ripple 
voltage? 

12. A certain full-wave power supply unit is being operated with 300 volts at 60 
cycles applied between the center tap and each side of the secondary of its power 
transformer. It is being operated without a filter circuit, hence the output of the 
rectifier is fed directly to its resistance load. The rms value of the fundamental com¬ 
ponent of the ripple voltage is 127 volts, (a) What is the average value of the output 
voltage? (6) I^at is the per cent of ripple voltage? (c) What is the frequency of 
the ripple voltage? 

18. A three-phase half-wave rectifier circuit is being operated from a 60-cycle 
power line and without a filter circuit. The output voltage is 300 volts and the ripple 
voltage is 17.7 per cent, (a) What is the rms value of the ripple voltage? (6) What 
is the ripple frequency (see Fig. ll-14c)? 

14. A three-phase full-wave rectifier circuit is being operated from a 60-cycle power 
line and without a filter circuit. The output voltage is 300 volts and the ripple voltage 
is 4 per cent, (a) What is the rms value of the ripple voltage? (6) What is the ripple 
frequency (see Fig. ll-15c)? 
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16 . The plate circuit of a certain a-f amplifier is to be operated at 180 volts and the 
per cent of ripple is not to exceed 0.05 per cent for operation without noticeable hum. 
What is the highest rms value of ripple voltage permitted? 

16 . The amplifier of Prob. 15, if operated from a power supply with a ripple voltage 
of 1 per cent, will produce a slight amount of hum in the output, which may not be 
objectionable for some applications. What is the highest rms value of ripple voltage 
permitted under this condition? 

17 . A simple power supply unit using a single half-wave rectifier tube is to be 
operated from a 60-cycle power line. What is the approximate per cent of ri{)ple 
voltage at the first capacitor of its capacitor-input filter circuit if the effective load 
resistance is 5000 ohms and the value of capacitance is 20 /if? 

18 . A simple power supply unit using a full-wave rectifier tube is to be operated 
from a GO-cj^cle power line, (a) What is the approximate per cent of ripple voltage at 
the first capacitor of its capacitor-input filter circuit if the effc^ctive load resistanc'' is 
3000 ohms and the value of capacitance is 15 /if? (5) What is the magnitude of the 
ripple voltage if the output is 250 volts? 

19 . It is desired to determine whether it would be practical to use a 35Z5 rectifier 
tube and a single-unit filter, consisting of a single capacitor, to provide a 60-ma load 
at 90 volts with a maximum ripple of 0.25 per cent. The peak plate current of the 
35Z5 is 600 ma. (a) What is the effective load resistance? (6) What value of capaci¬ 
tance is required? (c) What is the capacitive reactance of th(‘ n'quired capacitor to 
60-cycle current? (d) If the peak value of the 60-cycle input voltage to the rectifier 
is 165 volts, what is the magnitude of the rectifier current during the first cycle after 
the power is applied? (e) What effect will the current during this first cycle have upon 
the tube? (/) Is this circuit design practical? 

20 . A power supply unit being operated from a 60-cycle power line is supplying a 
load with 100 ma at 250 volts. A full-wave rectifier is used and the filter circuit is 
similar to that of Fig. ll-20e. The values of Ci and Cz are 10 /if each and Li is 20 
henries. What is the per cent of ripple voltage at (a) Ci? (h) Cz? 

21 . A power supply unit being operated from a 60-cycle power line is supplying a 
load with 120 ma at 300 volts. A half-wave rectifier is used and the filter circuit is 
similar to that of Fig. ll-20e. The values of Ci and Cz are 15 /if each and Li is 20 
henries. What is the per cent of ripple voltage at (o) Ci? (6) Cz? 

22 . A power supply unit being operated from a 60-cycle power line is supplying a 
load with 120 ma at 360 volts. A full-wave rectifier is used and the filter circuit is 
similar to that of Fig. 11-20/. The values of Ci, Cz, and Cs are 10 /if each; Li is 20 
henries and Lz is 15 henries. What is the per cent of ripple voltage at (a) Ci? (b) 
Cz? (c)C3? 

23 . A power supply unit being operated from a 60-cycle power line is supplying a 
load with 120 ma at 360 volts. A half-wave rectifier is used and the filter circuit is 
similar to that of Fig, 11-20/. The values of Ci, Cz, and C 3 are 10 /if each; Li is 20 
henries and Lz is 15 henries. What is the per cent of ripple voltage at (a) Ci? ( 6 ) 
Cz? (c) C 3 ? 

24 . A power supply unit being operated from a 60-cycle power line is supplying a 
load with 50 ma at 100 volts. A half-wave rectifier is used and the filter circuit is 
similar to that of Fig. 11-20^. The values of Ci and Cz are 40 /if each and Ri is 1000 
ohms. What is the per cent of ripple voltage at (a) Ci? (5) Cz? 

25. A power supply unit being operated from a 60-cycle power line is supplying a 
load with 50 ma at 80 volts. A half-wave rectifier is used and the filter circuit is 
similar to that of Fig. ll-20fif. The value of Ci is 30 /if, Cz is 50 /if, and Ri is 800 ohms. 
What is the per cent of ripple voltage at (a) Ci? (6) Cz? 
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26. A power supply unit bcung opcTated from a 60-eyclo power line is supplyuig a 
load with 14 ina at 80 volts. A half-wave rectifier is used and the filter eireuit is 
similar to that of Fig 11-20^;. Th(' current for the power tube is taken off at capaci¬ 
tor Ti, and hence this current do(‘s not flowr through resistor Ri. The value of Cj is 
40 juf, Ci is 20 /if, and Ri is 1200 ohms. What is the p(‘r cent of ripple voltage at 
(a) Cl? (h) C 2 ? 

27. What is the per cent of regulation of the power supply unit of Prob. 20 if its 
output voltage is 250 volts at full-load and 350 volts at no-load? 

28. What is the per cent of regulation of the power supply unit of Prob. 21 if its 
output voltage is 300 volts at full-load and 450 volts at no-load? 

29. What is the per cent of n'gulation of the pow(»r supply unit of Prob. 25 if the 
output voltage is 80 volts at full-lojul and 150 volts at no-load? 

30. If it is desired to limit the regulation of the power supply \init of Prob. 25 to 
20 per cent by adding a bleeder resistor to the unit, to what value of no-load voltage 
must the circuit be limited? 

81. A powder supply unit being operated from a 60-cycle power line is supplying a 
load with 125 ma at 300 volts. A full-wave rectifier is used and the filter circuit is 
similar to that of Fig. 11-206. The value of Li is 10 henries and Ci is 4 /if. What is 
the per cent of ripple voltage at the output? 

32. A power supply unit being operated from a 60-cyele power line is supplying a 
load with 150 ma at 450 volts. A full-wave rectifier is used and the filter circuit is 
similar to that of Fig. 11-206. The value of Li is 10 henries and Ci is 16 /if. What is 
the per cent of ripple voltage at the output? 

33. A power supply unit being operated from a 60-eyele power line is supplying a 
load with 170 ma at 425 volts. A full-wave rectifier is used and the filter circuit is 
similar to that of Fig. ll-20e. The values of Li and Lg are 20 henries each, and Ci 
and Ca arc 4 /if each. What is the per cent of ripple voltage at (a) Ci? (6) C2? 

84. A power supply unit being operattMl from a 60-cycle power lino is supplying a 
load with 200 ma at 450 volts. A full-wave rectifier is used and the filter circuit is 
similar to that of Fig. ll-20r. The value of Li is 20 henries, L 2 is 15 henries, Ci is 2 
/if, and C 2 is 4 /if. What is the per cent of ripple voltage at (a) Ci? (6) C 2 ? 

36. Determine the per c(*nt of ripple voltage at the output of the power supply 
unit of Prob. 31 if it is to be operated from a 25-cyele power line. 

36. Determine the per cent of ripple voltage at the output of the power supply 
unit of Prob. 32 if it is to be operated from a 40-cycle power line. 

37. Determine the per cent of ripple voltage at the output of the power supply 
unit of Prob. 33 if it is to be operated from a 50-cycle power line. 

38. Determine the optimum value of inductance for the input choke of the power 
supply unit in Prob. 31. 

39. Determine the optimum value of inductance for the input choke of the power 
supply unit in Prob. 32. 

40. Determine the resistance values of a voltage divider for a superheterodyne 
receiver that employs a 6SA7 converter, a 6SG7 i-f amplifier tube, a 6SQ7 detector- 
amplifier tube, and a 6K6-GT/G power output tube. The operating voltages and 
currents are to be similar to those listed in Appendix XV for plate voltages of 250 volts. 
(The screen grid of the 6SG7 is to be operated at 150 volts.) The voltage divider 
should have taps to supply all plate, screen-grid, and grid-bias voltages. Its power 
transformer, rated at 90 ma, is to be operated at 90 per cent of its rated current. 

41. Determine the power rating of the voltage divider of Prob. 40 for (a) a single 
resistor having five taps, (6) six separate resistors. 
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42 Dotorniiiic the resistance values of a voltage divider for a superheterodyne 
receiver that employs a 7B8 converter, a 7A7 i-f amplifier tube, a 7116 detector- 
amplifier tube, ami a 7B5 power output tube. The operating voltages and currents 
are to b(‘ similar to those listed in Appendix XV for plate voltages of 250 volts. All 
control-grid bias voltages are to be obtained by separate cathode bias resistors, and 
hence these voltages are not to be provided by the voltage dividi'r. Its power trans¬ 
former, rated at 90 ma, is to be operated at 90 per cent of its rated current. 

43. Determine the power rating of the voltage divider of Prob. 42 for (a) a single- 
tapped resistor, (6) two separate resistors. 

44. In the modem receiver circuit shown in Fig. 14-13, the voltage divider is 

replaced by the voltage dropping resistors R& and R 9 . (a) What purpose does Rq 

serve? (h) What purpose does R^ serve*? (c) What is the voltage at the second grid 
of VT 2 if 4 ma flows through R^ (a 30,000-ohm, 1-watt resistor) and the voltage of 
the B-f line is 300 volts? (d) How much power is dissipated by this resistor, Ra? 
(e) What voltage is applied to the screen grids of FT^i, and VTi if 6.5 ma flows 
through R 9 (a 30,000-ohm 1-watt resistor) and the voltage of the B-|- line is 300 volts? 
(/) How much power is dissipated by this resistor, jRo? 

45. What rms value of alternating voltage must be supplied by the power source 
to the plate of the rectifier tube of Prob. 21 if the resistance of Li is 150 ohms and the 
internal tube drop is 25 volts? Assume that the average value of the rectifier output 
voltage is equal to the rms value of the applied voltage when the tube drop is neglected. 

46. What rm^ value of alternating voltage must be supplied by the power source 
to the plate of the rectifier tube of Prob. 22 if the resistance of Li is 150 ohms, L 2 is 
100 ohms, and the internal drop of the tube is 30 volts? Assume that the average 
value of the rectifier output voltage is equal to the rms value of the applied voltage 
when the tube drop is neglected. 

47. What rms value of alternating voltage must be supplied by the power source 
to the plate of the rectifier tube of Prob. 26 if the internal drop of the tube is 20 volts? 
Assume that the average value of the rectifier output voltage is equal to the rms value 
of the applied voltage when the tube drop is neglected. 



CHAPTER XII 

AUDIO UNITS 


Radio is a one way form of communication in which no wires are used 
to connect the sending and receiving stations. The sound waves pro¬ 
duced at a sending station may be reproduced practically instantaneously 
at numerous receiving stations situated at either short or great distances 
from the transmitter. Sound waves are capable of traveling only com¬ 
paratively short distances and travel at a speed of approximately 1130 
feet per second. The instantaneous reproduction of sound waves over 
large distances therefore cannot be accomplished by the direct transmis¬ 
sion of the sound waves, but requires the transmission of electrical waves 
whose frequencies are a faithful reproduction of the frequencies of the 
sound waves to be reproduced. For complete radio communication it is 
therefore necessary that some device for changing the sound waves to 
electrical waves be situated at the sending station and another device for 
changing the electrical waves back to sound waves be situated at the 
receiving station. The audio unit used at the sending station for con¬ 
verting sound waves to electrical waves is called a microphone. At the 
receiving station, an audio unit called the loudspeaker, commonly referred 
to as simply the speaker, is used to convert the electrical waves back to 
sound waves. 

Two other audio units used in radio communication are (1) a device 
called a phonograph pickup, which is used for converting sound on records 
to electric waves, (2) a device called a magnetic reproducer, which is used 
for converting sound on wire to electric waves. 

12-1. Microphones. Air-pressure-type Microphones, The most com¬ 
monly used type of microphone is the one that converts the mechanical 
variations in air pressure caused by the human voice or a musical instru¬ 
ment to an equivalent electrical wave of similar frequency. In the early 
stages of radio this^t5rpe of microphone was generally mounted on a floor 
stand. With the many new fields of application for radio communication, 
and also because of the constant incentive for improvement, numerous 
types of microphones have been developed. Maximum performance 
can only be obtained if the correct type of microphone is used for the 
specific application. 

The general-purpose microphone, shown in Fig. 12-la and 12-16, can 
be mounted on either a floor stand or a desk stand. This tjrpe of micro- 
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phone is usually arranged so that it may be tilted through an angle of 90 
degrees. For hanging-microphone applications, such as are required in 
stage work, this type of unit may be obtained with provisions that permit 
it to be suspended from a wire or cable. 

Freedom of movement of the opeiator is obtained by use of the lapel- 
type microphone shown in Fig 12-lc. This type of microphone has found 
favor in applications such as on-the-spot broadcasts, etc A variation of 
the lapel microphone is one in which the microphone is mounted on a 
rigid support shaped in the form of a gooseneck The microphone is 
kept in its correct position at all times by mounting the support on the 
speaker's shoulder. This type of microphone is very useful for applica- 



(a) {h) (c) 

Fio. 12-1.—Sound-wave-type microphones, (o) Floor model, (6) desk-stand type, (c) 
lapel type. {Courtesy of Shure Brothers, Inc,) 


tions where, in addition to freedom of movement, both hands must be 
kept free. 

Contact-type Microphones, An instrument used to convert the 
mechanical vibrations of a medium other than air into electrical waves is 
called a contact microphone. This type of microphone is fastened in 
direct contact with that part of an object or person's body whose vibration 
it is designed to pick up. Contact microphones have a number of fields 
of application and hence are made in a variety of forms, each to suit a 
particular need (see Fig. 12-2). 

Contact-type microphones can be used to pick up the mechanical 
vibrations of wind, string, or percussion-type musical instruments. 
Such a unit is small and compact and is provided with a spring mounting 
clamp that permits it to be fastened with comparative ease to various 
types of musical instruments. 

The contact microphone is also used for industrial purposes. An 
analyi^s of the vibration of a machine or any of its parts can easily be 
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obtained by mounting a contact microphone directly to that part of the 
machine to be studied. 

Contact microphones are very useful for applications where the sur¬ 
rounding noise level is very high. Two types of units used in this field of 
application are the throat microphone and the lip microphone. These 
microphones are strapped to the throat or lip and react directly to the 
vibration of these organs rather than to the sound waves they produce. 
The extraneous noises in the vicinity of the microphone produce only 
variations in air pressure and thus are not picked up. 



(a) (fc) (c) 

Fia. 12-2.—Contact-type microphones, (a) For musical instruments, (6) throat micro- 
' phone, (c) lip microphone. 


12-2. Requirements of the Microphone. Frequency Response, The 
sounds produced by the loudspeaker of a radio receiver should be essen¬ 
tially the same as those produced by the artists in the studio of the 
transmitting station. The frequency elimination and intensity charac¬ 
teristics of audible sounds as presented in Art. 8-1 for the audio amplifier 
will therefore also apply to the microphone. Since the fidelity of recep¬ 
tion can only approach but never equal the fidelity of transmission, the 
microphone should have a more uniform response over a wider range than 
the audio-frequency components in the radio receivers. The frequency 
range of microphones used at a transmitter usually is from 30 to 10,000 
cycles as compared to a range of 60 to 6000 cycles for the average home 
receiver. 

Sensitivity, Sound waves are the mechanical vibration of air in space 
at audio-frequency rates. These vibrations cause the air pressure to 
vary above and below its normal pressure. The variations in air pres¬ 
sure on the eardrum produce the sensation of sound in the brain. A 
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sound that is just barely audible increases the normal air pressure by 
only about one-millionth of 1 per cent. A sound that is so loud that it 
causes pain increases the normal air pressure by only about one-tenth of 1 
per cent. For perfect fidelity, a microphone should be sensitive to these 
small variations in air pressure for the entire range of hearing. 

Since the intensity of a sound wave decreases as the distance from its 
source increases, so, too, the sensitivity of a microphone will decrease as 


230* 210® 150® 130® 

130,® 150® 210® 230® 



330® 340® 350® 0® 10® 20® 30® 

30® 20® 10® 350® 340® 330® 


Fig. 12-3.—Range of pickup for cardioid- and supercardioid-type microphones. {Courtesy 

of Shure Brothers^ Inc.) 

the distance between the microphone and the source of the sound wave is 
increased. Maximum response is thus obtained when the distance 
between the microphone and the source of the sound is at a minimum. 

Range of Pickup, The maximum response from any type of micro¬ 
phone will be obtained from those sound waves which are produced 
directly in front of the microphone. The response will decrease as the 
angle between the front of the microphone and the direction of the sound 
waves is increased. The sound waves entering the back of a microphone 
are usually produced by an audience or by background reflections. The 
sound waves from the loudspeakers of public-address systems may also 
enter the back of a microphone either directly or by reflection from walls, 
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ceiling, or the floor and thus produce feedback. It can therefore be seen 
that for most applications it is desirable to reduce to a minimum the 
response of those sound waves entering the back of a microphone. 

For most applications, it is desirable that the response characteristics 
of the microphone be unidirectional and that its range of pickup be 
approximately 180 degrees. The response characteristics of two types 
of unidirectional microphones, the cardioid and the supercardioid, are 
shown in Fig. 12-3. The ratio of front to rear pickup of random sound 
energy is 7 to 1 for the cardioid and 14 to 1 for the supercardioid. 

In many microphone applications the sound waves do not always 
originate directly in the front or rear of a microphone. Because of this, 
it is desirable for a unidirectional microphone to reproduce with as nearly 
equal response as is practicable all sound waves produced in an imaginary 
hemisphere in front of the microphone. By the same reasoning, the 
response for all sound waves produced in an imaginary hemisphere in 
back of a microphone should be reduced to a minimum. From Fig. 12-3 
it can be seen that the cardioid type of mi(;rophone has a wide range of 
pickup. At a 60-degree angle, the response for the cardioid and super¬ 
cardioid microphones is respectively 75 and 69 per cent of their maximum 
response. 

12-3. Microphone Ratings. Pressure Rating. As the output of a 
microphone varies with the pressure of the sound waves, it is necessary 
to rate the output of a microphone for some definite unit of pressure. 
The unit of pressure most generally used is the bar. The term bar 
actually means a unit of atmospheric pressure, which is equal to a pres¬ 
sure 6f approximately one million dynes per square centimeter. How¬ 
ever, in the rating of microphones many manufacturers consider the bar 
as the cgs (centimeter-gram-second) absolute unit of pressure which is 
equal to a pressure of one dyne per square centimeter. The ASA (Ameri¬ 
can Standards Association) recommends the use of the phrase dynes per 
square centimeter as the unit of sound pressure. 

Impedance Classification. Microphones may be classified according 
to their impedance as being either low-impedance or high-impedance 
microphones. The low-impedance group includes the carbon, velocity, 
and dynamic types of microphones. The high-impedance group includes 
the crystal and capacitor types. The velocity and dynamic microphones 
can be obtained with a self-contained high-impedance transformer that 
enables these two types of microphones to be used as high-impedance 
instruments. 

Low-impedance Microphone Ratings. One of the important factors in 
the choice of low-impedance microphones is their power output. Low- 
impedance microphones are therefore rated on the basis of the decibels 
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below a zero power level for a zero reference pressure level. These 
microphones are usually rated wdth a zero power reference level of six 
milliwatts, although a one-milliwatt zero reference level is also used. 
The zero reference pressure level is generally one bar, although a ten-bar 
zero reference level is also used. Because of the lack of consistent use of 
a single reference level, it is very important to express and interpret 
carefully the manner in which a microphone is rated. 

The power in a microphone circuit can readily be determined from its 
decibel rating by the methods presented in Art. 8-3. However, before 
determining the power output of a microphone from its decibel rating, it 
is necessary that the decibel be expressed in terms of its reference pressure 
level. The effect of variations in pressure upon the decibel rating is 
expressed by the equation 

db = 20logj^ (12-1) 

r R 


where db = output rating at the higher pressure 
F = higher pressure, bars 
Fr = reference pressure level, bars 
The following example illustrates the interpretation of low-impedance 
microphone ratings. 


Example 12-1. A certain low-impedance microphone is rated at 62.8 db below 
6 milliwatts per 10-bar signal. What is the power output for (a) a 10-bar signal? 
(6) A 300-bar signal? 


Given: 

P/j — 6 mw 
db - -62.8 
Fr * 10 bars 

Solution: 


Find: 

(а) Po 10 bars 

(б) Po @ 300 bars 


(a) 


db = 10 log ^ 


Po 


Po « 


Pr 


0.006 


0.006 


^•1 db 
antilog ^ 


62.8 

antilogy 


1.906 X 10* 


* 0.0031 X 10“*® watt, or 0.0031 pw 

F on 1 300 

-20 log ^ 

-33.26 db 


(6) Output rating « 20 log ^ 

Output « —62.8 4“ 29.54 « 
^ _ Pe 0.006 


> 20 X 1.4771 = 29.54 db 


0.006 


*•1 db 
antilog 


antilog 


306 “ 2.12'x 1()» “ ^ 


10 


High^mpedance Microphone Ratings. One of the important factors 
in the choice of high-impedance microphones is their voltage output. 
High-impedance microphones are therefore rated in decibels below one 
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volt per bar. This means that an alternating sound pressure of one dyne 
per square centimeter rms will produce an output voltage, across an open 
circuit grid, of the rated decibels below one volt. 

Example 12-2. A ccirtain high-impodance microphone is rated at 55 db below one 
volt per bar. What is the voltage output for (a) a signal of one bar? (6) A 300-bar 
signal? 

Given: Find: 

db —55 (o) ^ one bar 

Fr =* one bar (6) Bo @ 300 bars 

Solution: 


(a) 


(&) 


db = 20 log ^ 

Bo 

^ eR _ 1 1 

db ... 55 562.3 

antilog ^ antilog ^ 


0.00177 volt 


Output rating = 20 log ^ = 20 X log = 20 X 2.4771 = 49.54 db 

r R 1 

Output - -55 + 49.54 - -5.46 db 


eo 


eR 


1 


antilog 


20 


antilog 


5.46 

20 


1 

1.875 


= 0.533 volt 


Impedance Matching. In order to obtain maximum power transfer 
it is necessary to match the microphone impedance with its load. Thus, 
a low-impedance microphone should feed into a low load impedance, and 
a high-impedance microphone should feed into a high load impedance. 

Transformers are generally used to couple low-impedance microphones 
to their amplifier circuits. The turns ratio of the microphone transformer 
should be of such a value that the load reflected to the primary circuit by 
the loaded secondary will be equal to the impedance of the microphone. 
From Eq. (2-73), the turns ratio may be expressed as 

V . (IM) 

where N = turns ratio (secondary to primary) 

Zo = output impedance, ohms 
Zm — microphone impedance, ohms 

Example 12-3. A certain low-impedance microphone has a resistance of 50 ohms. 
The secondary of the microphone transformer feeds into a 450-ohm line. Detcjrraine 
the transformer turns ratio. 

Given: Find: 

Zm = 50 ohms iV «» ? 

Zo » 450 ohms 

Solution: 

'f-VS-Vw-* 
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Resistance-capacitance coupling is generally used to couple high- 
impedance microphones to their amplifier circuits. Maximum power 
transfer is obtained by using the proper value of plate resistor. 

Effect of the Microphone Connecting Line, The distributed capacitance 
of the line connecting the microphone to its amplifier may be considered 
as a capacitor of equivalent value connected across the load. The 
impedance of this capacitor is dependent upon the frequency of the a-f 
signal and the length of the connecting line. In a low-impedance micro¬ 
phone circuit the lowest impedance of this capacitor, which occurs at the 
highest audio frequency, will be many times greater than the microphone 
impedance. The shunting effect of this capacitance is thus very small 
and can usually be ignored. Increasing the length of the connecting line 
increases its distributed capacitance, which decreases its impedance and 
thereby increases the shunting effect of the line. However, the shunting 
effect of even long lines may still be ignored when used with low-imped¬ 
ance microphones. 

If the connecting line used with a high-impedance microphone is too 
long, the microphone impedance may be many times greater than the 
highest value of shunting impedance owing to the distributed capacitance 
of the line. Under this condition, the distributed capacitance of the line 
will have considerable effect on both the frequency response and the 
energy output of a high-impedance microphone circuit and therefore the 
length of the connecting line is an important factor. The ratings of high- 

impedance microphones are usually listed 
by the manufacturers for definite 
lengths of connecting lines. 

12-4. Carbon Microphones. Oper¬ 
ation of Carbon Microphones, The op- 
eratioa of the carbon microphone is 
based upon the principle that the resist¬ 
ance of a pile of carbon granules will vary 
as the pressure exerted upon it is varied. 
The basic construction of a carbon 
microphone is illustrated in Fig. 12-4. 
The carbon granules are loosely piled 
in an insulated cup called the button. 
This button is mounted so that it is 
always in direct contact with the dia¬ 
phragm. Any movement of the diaphragm will vary the amount of pres¬ 
sure exerted on the carbon granules and will vary the resistance of the 
carbon pile. 

The manner in which the variations in the resistance of the pile of 



Fia. 12-4.—Basic construction of 
a carbon microphone, (a) Single- 
button type, (&) double-button type. 
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carbon granules is utilized to convert sound waves to electrical waves can 
be seen by studying the operation of the single-button carbon microphone 
circuit shown in Fig. 12-5a. The microphone button is connected in 
series with a battery and the primary winding of the microphone trans¬ 
former. With no movement of the diaphragm the resistance of the 
carbon pile remains constant and a steady amount of direct current will 
flow through the circuit. When sound waves strike the diaphragm they 
cause it to vibrate. Vibrations of the diaphragm will cause variations in 
the amount of pressure being exerted on the pile of carbon granules. 


cx 


Mlcrophons 

fransfbrmer 


Microphone 

frotns^rmer 


To input 

t of speech 
amplifier 


To input 

g of speech 
amplifier 


R 

j—^AA/W'^ » 

(a) 

Fid. 12-5.—Carbon microphone circuits, (a) Single-button type, (h) double-button type. 



Increasing the pressure packs the carbon granules more closely, thus 
decreasing the amount of contact resistance between granules and thereby 
decreasing the resistance of the entire carbon pile. Just as the variations 
in pressure on the diaphragm are controlled by the intensity and fre- 
quenciy of the sound waves that strike it, so, too, the variations in resist¬ 
ance of the carbon pile will also be dependent on the intensity and 
frequency of the sound waves. The variations in resistance of the carbon 
pile will cause the current flowing in this circuit to vary with the intensity 
and frequency of the sound waves. The output at the secondary of the 
microphone transformer will therefore be an alternating voltage of mag¬ 
nitude and frequency corresponding to the sound waves. 

Any distortion that may be caused by the nonlinear response of the 
carbon microphone can be reduced by use of the double-button micro¬ 
phone circuit shown in Fig. 12-66. The two buttons in conjunction with 
the center-tapped primary form a push-pull arrangement that tends to 
cancel out all the even-order harmonics. Otherwise, the operation of the 
double-button microphone circuit is similar to the single-button micro¬ 
phone circuit. 

CharacteriaticB of Carbon Microphones, One of the disadvantages of 
the carbon microphone is that the random changes in contact resistance 
between the carbon granules produces a steady hiss in the output circuit. 
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The push-pull arrangement of the double-button microphone circuit helps 
to balance out this hiss to some extent. However, the hiss cannot be 
entirely eliminated and the amplitude of the weakest note that can be 
applied to the microphone and be faithfully reproduced is limited by the 
magnitude of the hiss. 

Another disadvantage of the carbon microphone is that an excessive 
amount of pressure or current may cause the carbon granules to stick to 
each other and become packed. In order to prevent the packing of the 
carbon granules by the flow of too much current, the potentiometer R 
(Fig. 12-5) should be adjusted so that the current flow in the microphone 
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(a) (6) 

Fig. 12-6. — Basic construction of a crystal sound cell, (o) Single crystal, (b) bimorph cell. 


circuit does not exceed its rated value. The rated button current varies 
with the type of microphone and the manufacturer and may range from 
5 to 100 milliamperes. 

The response of the carbon microphone is practically independent of 
frequency up to the mechanical resonant frequency of the diaphragm. 
The response decreases rapidly for those sound waves having a frequency 
above this value. In order to obtain a uniform response over the entire 
audio-frequency range it becomes necessary to increase the mechanical 
resonant frequency of the diaphragm. This is accomplished by stretch¬ 
ing the diaphragm close to its elastic limit. Since stretching the dia¬ 
phragm also decreases the sensitivity of the microphone, a compromise 
is usually made as to which is the more important factor, the sensitivity 
or the frequency response. 

Despite these disadvantages, the carbon microphone has certain 
advantages that make it important in its field. It is the only microphone 
that is also an amplifier in that its electrical energy output is greater than 
the energy required to produce the vibrations of the diaphragm. Other 
advantages are its light weight, low initial cost, rugged construction, and 
the fact that it is portable. It is therefore used where high sensitivity is 
an important factor or where voice reproduction rather than musical 
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entertainment is the primary object. Carbon microphones are used for 
amateur, police, and military work and also in some contact microphones. 

12-5. Crystal Microphones. Operation of Crystal Microphones, The 
crystal microphone makes use of the piezoelectric characteristics of certain 
crystalline materials (see Art. 10-10). Because the voltage output of a 
Rochelle-salt crystal is much greater than for other crystalline materials 
it is the one most generally used for microphone applications. The basic 
crystal sound cell, sometimes called a bimorph cell, is made by clamping 
two thin crystal slabs together, as is shown in Fig. 12-6. Electrical con¬ 
tact is made with each crystal hy cementing a sheet of tin foil on both of 
its faces. The microphone can be constructed so that the movement of 
the crystal is actuated directly by the sound waves. However, this 
method is not very effective and in the more sensitive types of microphones 
the crystal is fastened directly to the diaphragm. Vibration of the dia¬ 
phragm by sound waves will cause the crystal to vibrate and because of its 
piezoelectric action an alternating voltage ha\ ing a frecjuency and inten¬ 
sity corresponding to the sound waves will be produced at the terminals 
of the crystal. Because the output 
voltage of a single cell is very small, 
several cells are usually connected in 
series in order to obtain a higher 
voltage. The crystal microphone 
requires no separate source of cur¬ 
rent or voltage and hence its output 
is applied directly to the input cir¬ 
cuit of a speech amplifier. 

Because of the comparatively low voltage output of the crystal micro¬ 
phone several stages of high-gain speech amplification are required. 
Since transformer coupling may pick up an excessive amount of hum, the 
coupling between stages should be of the resistance-capacitance type. 
For the same reasons as given for the carbon microphones, the diaphragm 
of a crystal microphone must be stretched in order to increase the mechani¬ 
cal resonant frequency. 

Characteristics of Crystal Microphones, Crystal microphones are 
purely pressure operated and do not possess any cutoff effect at the low 
audio frequencies. Its frequency response is comparatively flat over the 
entire a-f range. It is also entirely nondirectional and therefore may be 
used at any angle. Other advantages of the crystal microphone are its 
light weight, comparative ruggedness, ease of maintenance, and the fact 
that no external power source is required. 

Crystal microphones are used in high-quality public-address systems, 
broadcasting stations, and recording equipment. Because exposure to 
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Fig. 12-7.—A crystal microphone circuit. 
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high temperatures (above 125® Fahrenheit) may permanently damage a 
crystal, precautions should be taken when using crystal microphones to 
keep the crystal from being exposed to high temperatures such as rays 
from the sun, radiators, etc. If the seal on a crystal microphone is 
broken the crystal will absorb moisture from the air and become useless. 
Another precaution that should be taken when using crystal microphones 
is to make sure that no voltage is applied to it. The battery voltage of an 
ohmmeter can destroy a crystal microphone. 

12-6. Capacitor Microphones. Operation of Capacitor Microphones. 
The capacitor type of microphone is essentially a two-plate variable 
capacitor. The flexible metal diaphragm forms the movable plate and is 



Caj-Basic construction TW-Microphone circuit 

Fig. 12-8,—A capacitor microphone and its circuit. 


separated from the back plate, which is fixed in position, by an insulating 
ring, as is shown in Fig. 12-8a. Sound waves will cause the diaphragm to 
vibrate, thus also causing the capacitance of this capacitor to change 
owing to the variations in the air gap, which is equivalent to varying the 
thickness of the dielectric. A potential of several hundred volts is applied 
between the capacitor plates. The changes in capacitance cause a small 
charging current to flow through the high resistance R that is connected 
in parallel with the capacitor (see Fig. 12-86). A corresponding voltage 
drop is produced across this resistor and this voltage is fed to the input of 
the speech amplifier through the coupling capacitor C. An electrical 
equivalent of the sound waves is thus obtained, since these voltage drops 
will vary in accordance with the sound waves. The diaphragm of this 
type of microphone is usually stretched to the elastic limit in order to 
obtain a resonant mechanical frequency that is higher than the highest 
audio frequency to be reproduced. 

Characteristics of Capacitor Microphmes. The capacitor-type micro¬ 
phone has a high impedance and thus its output and frequency 
response is seriously affected by the capacitance of the cable connecting 
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the microphone to the first stage of amplification. Because of the losses 
in the connecting cable the capacitor microphone usually has at least one 
stage of preamplification built into the microphone head or physically 
close to it; this is one of its disadvantages. Another disadvantage is that 
its sensitivity is very low; it is only a small fraction as sensitive as the 
carbon microphone. The response of a capacitor microphone is reason¬ 
ably uniform over a wide range of frequencies. It is used principally 
for making sound measurements and is seldom used for radio or public- 
address applications. 

12-7. D 3 mamic Microphones. Operation of Dynamic Microphones. 
The dynamic microphone makes use of a nonrigid unstretched diaphragm. 
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Flexible''\ 
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cover 


Microphone 
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(a)-Basic construction ('^j-Microphone circuit 

Fia. 12-9,—A dynamic microphone and its circuit. 


A coil of wire that is rigidly attached to the back of the diaphragm is so 
arranged that it is free to move back and forth in the strong magnetic 
field produced by a permanent magnet (see Fig. 12-9). When sound 
waves strike the diaphragm the coil will move back and forth in a radial 
magnetic field, thus inducing in the coil a voltage that is a faithful elec¬ 
trical reproduction of the sound waves. A number of flexible circular 
corrugations on the diaphragm permit it to have a large amount of dis¬ 
placement. The response of a dynamic microphone at the very low audio 
frequencies is therefore very good. If the microphone is designed so that 
the voltage induced in the moving coil is exactly proportional to the pres¬ 
sure of the sound waves striking the diaphragm, the response of the 
dynamic microphone can be made practically independent of the fre¬ 
quency over a range of 40 to 10,000 cycles. Because the coil of a dynamic 
microphone moves with the diaphragm it is also called a moving-coil 
microphone. 

Characteristics of Dynamic Microphones. The sensitivity of the mov¬ 
ing-coil microphone is higher than other types of nonamplifying micro¬ 
phones. It is light in weight, small in size, and requires no external source 
of power. It is unusually rugged as it is practically immune to the effects 
of moisture, temperature, and mechanical vibration. It can therefore be 
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used outdoors even in a strong wind. The impedance of the dynamic 
microphone is normally very low, thus making it possible to use long 
connecting lines between the microphone and the first stage of amplifica¬ 
tion. However, it is also possible to obtain a dynamic microphone having 
a high impedance. This high-impedan(‘c microphone may be used in 
conjunction with a crystal microphone amplifier circuit or any other 
amplifier having an input impedance of 100,000 ohms or more. The 
dynamic-type microphone is used widely where high-quality reproduction 
is required, such as public-address systems, broadcasting studios, and 
recording equipment. 



Fig. 12-10.—A velocity microphone and its circuit. 

12-8. Velocity Microphones. Operation of Velocity Microphones^ 
The velocity microphone is a variation of the moving-coil microphone. 
In place of the moving coil, a strip of metal is caused to vibrate in a 
magnetic field. As only a single conductor cuts the magnetic lines of 
force, the velocity microphone is not so sensitive as the dynamic micro¬ 
phone. The basic construction of this type of microphone is shown in 
Fig. 12-10. A thin, lightweight, flexible corrugated metal strip (usually 
aluminum or duralumin) is suspended between the poles of a permanent 
magnet. Because this metal strip resembles a ribbon this type of micro¬ 
phone is called a ribbon microphone. The ribbon will vibrate in accord¬ 
ance with the sound waves that strike it. As the conductor cuts the 
magnetic lines of force a voltage proportional to the frequency and 
pressure of the sound waves will be induced in the ribbon. The force 
exerted on the ribbon by a sound wave is equal to the difference between 
the pressures on the front and back of the ribbon. The resulting force 
is proportional to the velocity of the particles of air set in motion by the 
sound wave and hence the name velocity microphone. 
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Characteristics of Velocity Microphones, The velocity microphone 
has an extremely good frequency response. It is comparatively rugged 
and requires no external source of power. Its response is very directional 
and thus it will only reproduce those sound waves made directly in front 
of the microphone. However, the ribbon is very delicate and must be 
protected from strong drafts or winds. 

12-9. Magnetic Loudspeakers. Horn-type Loudspeakers, In the 
simple radio receiver presented in Chap. Ill, a set of earphones is used to 
convert the variations in electrical energy to sound waves. In order that 




Fig. 12-11.—Magnetic loudspeakers. 

more than one person may listen to the radio and at the same time enjoy 
the comforts of the homo, it is necessary to use a loudspeaker. 

The principle of operation of the early type of loudspeaker is the same 
as that of the earphone (see Art. 3-9). A strong magnet was used and 
the coil was wound with a large number of turns. In order to obtain 
increased volume, a horn was mechanically coupled to the audio unit to 
concentrate and direct the sound waves (see Fig, 12-1 la). For practical 
reasons, the diaphragm of this type of loudspeaker cannot be very large 
and the amount of air that it can displace is comparatively small. The 
loudness of the sound that the horn-type magnetic loudspeaker can pro¬ 
duce is therefore limited. 

Cone-type Loudspeakers, A more practical form of the magnetic type 
of loudspeaker is one using a paper cone in place of the horn (see Fig. 
12-116). One end of a rigid wire is mechanically fastened to the center of 
the vertical diaphragm and the other end is fastened to the apex of a 
paper cone. The vibrating diaphragm moves the wire, which in turn 
moves the cone. Because of the large surface area of the paper cone, a 
large quantity of air is set into motion, thus creating a loud sound. 
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Freedom of movement of the paper cone is obtained by the use of a 
flexible fastening between the large end of the cone and the surface to 
which it is attached. 

Characteristics oj Magnetic Loudspeakers, One of the faults of the 
magnetic loudspeaker is that it cannot be used to reproduce high values 
of audio-frequency currents. If the current flo^\ing through the coil on 
the permanent magnet is too high, the diaphragm will strike the iron core 
and thus produce a rattle in the loudspeaker. The distance between the 



(a) ( 6 ) 

lia 12-12.—A permanont-magnet dynamic loudspeaker, (o) Basic construction. (&) a 
commei cial loudspeaker {Photograph courtesy of Jensen Radio Manufacturing Company ) 


core and the diaphragm is determined by the lowest value of the a-f 
current to be reproduced. For practical reasons, this distance cannot 
be made too large. Magnetic loudspeakers are not generally used with 
modem radio receivers because these receivers usually have a high current 
output. 

12-10. D 3 mamic Loudspeakers. Principle of the Dynamic Loud¬ 
speaker. The ability to reproduce signals having high values of a-f 
current was made possible by the development of the dynamic loud¬ 
speaker (see Figs. 12-12 and 12-13). In this type of loudspeaker the a-f 
current flows through a coil that is mechanically coupled to a paper cone. 
Since only a-f currents flow through this coil it is generally referred to as 
the voice coil. The interaction between the varying magnetic field set up 
about the voice coil by the varying a-f current and the constant magnetic 
field of the stationary magnet causes the voice coil to move back and 
forth in the constant magnetic field. The paper cone being mechanically 
coupled to the voice coil will move back and forth at a frequency and 
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intensity that are determined by the frequency and intensity of the a-f 
current. The motion of the paper cone will thus set up sound waves 
corresponding to the a-f currents in the voice coil. Freedom of move¬ 
ment of the paper cone is obtained in the same manner as in the cone-type 
magnetic loudspeaker. Because of the movement of the voice coil this 
type of loudspeaker is also called a moving-<^oil loudspeaker. The constant 
stationary magnetic field may be produced either by a permanent magnet, 
as in the case of the permanent-magnet dynamic loudspeaker, or by an 
electromagnet, as in the case of the electrodynamic loudspeaker. The 
dynamic loudspeaker is the type of loudspeaker most commonly used in 
modern receivers. The response of the dynamic loudspeaker is fairly 
uniform over a frequency range that is adequate for the ordinary radio 
receiver, namely, up to 5000 cycles. For high-fidelity reproduction, a 
high-quality dynamic loudspeaker can be obtained with fairly uniform 
response up to 10,000 cycles. 

Permanent-^magnet Dynamic Loudspeaker, The basic construction of 
a permanent-magnet dynamic loudspeaker, commonly referred to as a 
pm dynamic loudspeaker, is shown in Fig. 12-12. The fixed magnetic 
field is produced by a permanent magnet. The voice coil is wound on a 
thin bakelite tube that is mounted in a manner which permits it to move 
back and forth along the core of the permanent magnet. The voice coil 
is centered between the poles of the permanent magnet by means of a thin 
springy sheet of bakelite or metal called a spider. The spider permits the 
coil to move down along the core, and because of its spring action it 
also forces the coil to move back when the pull on the coil is reduced or 
eliminated. 

The movement of the coil and the cone to which it is attached is 
directly dependent upon the strength of both the fixed and the varying 
magnetic fields. Thus the greater the strength of the fixed magnetic 
field, the greater will be the movement of the paper cone. Also, the 
greater the current flowing through the voice coil, the greater will be the 
movement of the cone. The strength of the fixed magnetic field is limited 
by the size and the material of which the permanent magnet is made and 
it is therefore not practical to use this type of loudspeaker for public- 
address systems or other applications that require very loud sounds. 
Because the strength of a permanent magnet becomes weaker in time, the 
volume output of the loudspeaker will also become weaker in time. 
Advantages of the pm dynamic loudspeaker are its light weight, compact¬ 
ness, low cost, and the fact that it requires no external source of power. 
Because of these advantages this type of loudspeaker is used extensively 
in portable, small-size, and low-price radio receivers. 

Permanent-magnet dynamic loudspeakers are usually rated as to 
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their power output, impedance of the voice coil, and the outside diameter 
of the cone. The power output of this type of loudspeaker ranges from 
one to ten watts. The impedance of its voice coil has a range of approxi¬ 
mately three to eight ohms. The outside diameter of the cone may be as 
small as two inches or as large as twelve inches. 

In order to obtain the maximum transfer of energy from the a-f signal 
in a high-impedance plate circuit of an output stage to the low-impedance 
voice coil, it is necessary to use an output transformer, as described in Art. 


It 



('aj 



Fig. 12-13.—An eloctrodynamic loudpseakcr. (a) Basic construction, {h) commercial 
loudspeaker. {Photograph courtesy of Jensen Radio Manufacturing Company.) 


9-19. It is not at all uncommon to find the output transformer mounted 
on the framework of the loudspeaker. 

Electrodynamic Loudspeaker. In order to obtain a stronger magnetic 
field and one whose strength does not decrease in time, an electromagnet 
may be substituted for the permanent magnet. A loudspeaker that 
employs an electromagnet for its fixed magnetic field is called an electro¬ 
dynamic loudspeaker. The basic construction of such a loudspeaker is 
shown in Fig. 12-13. The coil of the electromagnet is wound with a 
large number of turns and is usually called the field coil. Because of the 
large number of turns on the field coil a strong magnetic field is set up 
about this coil when a steady direct current is flowing through it. In all 
other respects the construction and the operation of the electrod 3 mamio 
loudspeaker is similar to the pm d 3 mamic loudspeaker. 

There are several methods of obtaining the direct current required for 
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the field winding. One method commonly used in the average radio 
receiver is to use the loudspeaker field winding (and its core) as a filter 
choke in the power supply unit. In addition to supplying current for 
the loudspeaker field, this method also provides additional filtering of the 
rectifier output without the use of an extra filter choke. In automobile 
radio receivers, the storage battery may be used to supply the direct 
current for the field winding of the electrodynamic loudspeaker. Loud¬ 
speakers designed for use in public-address systems require a larger 
amount of power to operate the field winding, and hence a separate power 
supply (rectifier and filter) is generally used for this purpose. 

Electrodynamic loudspeakers are rated in the same manner as pm 
dynamic loudspeakers, except for the additional rating of the resistance 
and powder consumption of the field coil. The outside diameter of the 
paper cone ranges from 3 to 18 inches, and the power output ranges from 
2 to 50 Wyatts. As with the pm dynamic loudspeaker, the impedance of 
the voice coil is very low and is generally less than 10 ohms. Because the 
fixed magnetic field will always remain constant in strength, and also 
because of its wide range of powder output the electrodynamic loudspeaker 
is the most practical form of loudspeaker and hence is used extensively. 

12-11. Homs. Because of the poor coupling between the air and the 
vibrating cone (also called a direct radiator), the efficiency of cone-type 
loudspeakers in transforming electrical energy to sound energy is very 
low. The efficiency of the average loudspeaker is less than 5 per cent 
Because the average radio receiver has a much greater power output than 
the relatively small amount required by the loudspeaker, the poor effi¬ 
ciency of transformation is of little consequence and is usually ignored 
Where a large amount of power output is required, such as in public- 
address systems, the efficiency of transformation becomes an important 
factor. 

A higher efficiency of transformation can be obtained by mechanically 
coupling a dynamic loudspeaker, called the driver unit, to a horn, as shown 
in Fig. 12-14. The small end of the horn is called the throat, and the 
large end is called the mouth. The purpose of the horn is to transform 
sound energy having a high pressime and low velocity to sound energy 
having a low pressure and high velocity. A hom may be considered as a 
matching device for coupling the heavy vibrating surface at the throat 
of the horn to a relatively light medium, which is the air, at the mouth 
of the horn. The shape of the hom will depend upon the rate of increase 
of the cross-sectional area as shown in Fig. 12-15. The function of the 
hom contour is to produce a smooth and continuous increase in the cross- 
sectional area. The efficiency of transmission along the length of the 
horn is controlled by the rate of increase in cross-sectional area, also 
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called the taper. High audio frequencies are transmitted quite well by 
all horns. At the low audio frequencies, the efficiency decreases for both 
the conical and the parabolic tapers, is fairly uniform for the exponential 
taper, and is comparatively uniform for the hypex. In order to make the 
horn more compact it is generally folded upon itself one or more times, 
as shown in Fig. 12-16. 



Fiu. 12-14.—Basic structure of horn and driver unit. {Courtesy of Jensen Radio Manu¬ 
facturing Company.) 



Fiq. 12-16.—Comparative shapes of different types of horns with the same throat and 
mouth diameters. {Courtesy of Jensen Radio Manufacturing Company.) 

12-12. Recording and Reproduction of Sound Records. Recorders 
and Reprodtueers of Sound Records. A permanent record of any audible 
prc^ram or event can be made with the aid of modem recording appara¬ 
tus. It is also possible to reproduce readily and faithfully the audible 
soimds from this record with the aid of modem reproducing apparatus. 
It thus becomes possible for a broadcasting station to record a program at 
any convenient time and to broadcast this program at the most advan¬ 
tageous time for that station. If proper equipment is employed, it is 
almost impossible for the average listener to detect whether a program is 
ori^nating directly from the studio or from a recording. Because of 
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this flexibility in broadcasting, practically all broadcasting stations have 
apparatus capable of accurately recording and repiodiicing such program 
transcriptions. 




12 - 1 «-Horn-type reproducers. W Single-fold horn 
rep^ucuS (W Woidhorn reproducer for generd reproduction of speech and mumc. 
(Cwrlssi/ of Jm$m Radio Manvfaelwxng Companv.) 


Entertainment to suit the mood or occasion can be obtained by tte 
average person with the aid of a record player, ^s unit may be 
obtained separately or in combination with a radio receiver. 


The 
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introduction of low-cost home recording equipment has made it possible 
to obtain a permanent record of important or festive occasions within 
the home. Many radio manufacturers have introduced coml)ination 
units that in addition to the normal radio receiver provide one or more of 
the following features: (1) record player, (2) automatic record changing 
mechanism, (3) recording apparatus. 

The various methods of making a record of sound are (1) mechanical, 
(2) magnetic, (3) tape, (4) light. In the mechanical method a thin disk 
made of wax, aluminum, or acetate-coated cardboard, glass, or metal 
may be used. A continuous groove is cut in the disk, starting near the 
outside and ending near the center. Two methods of cutting the groove, 
the lateral cut and the vertical cut, are employed. In the latcral-cut 
method, the depth of the groove is kept constant and the sides are 
undulated according to the variations in frequency and amplitude of the 
program being recorded. In the vertical-cut method, the sides of the 
groove are kept uniform and the depth of the cut is varied. The lateral 
cut is the one most commonly used. In the magnetic method sound is 
recorded on a thin wire by magnetizing the wire according to the varia¬ 
tions in frequency and amplitude. A paper tape may be used to record 
code messages by punching a series of holes in the tape or by inking a 
dot-and-dash line along the tape. The principle of light variations is 
used in sound on film recording. The variations in light are controlled 
by a photoelectric cell that changes the electrical equivalent of the sound 
waves to light waves. 

12-13. Mechanical Sound Recorders and Reproducers. Principles 
of Mechanical Sound Recorders and Reproducers. The mechanical method 
is used extensively in radio broadcasting stations. It is also used in 
home recording and reproduction apparatus. In recording apparatus 
the variations in electrical energy are transformed to an ecjuivalent 
mechanical energy by cutting a groove in a disk, also called a record. 
The unit used for this purpose is commonly referred to as a cutting head. 
In reproduction apparatus a unit called a pickup head trapsforms the 
variations in mechanical energy obtained from the grooves in a record to 
an equivalent electrical energy. Electrical energy may be transformed 
to mechanical energy, or vice versa, in the cutting or pickup heads by use 
of magnetic principles or by use of a piezoelectric crystal. By means of a 
suitable switching apparatus a single amplifier circuit can be used for 
both recording and reproducing. When the unit is recording, sound 
energy is transformed to an equivalent electrical energy by a microphone 
and then strengthened by a speech amplifier. The output of the amplifier 
is fed into the cutting head and thus controls the manner in which the 
groove is cut. When the unit is reproducing, the vibration of the needle 
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caused by the undulations in the groove of the record is changed to an 
equivalent electrical energy by the pickup head. This electrical energy 
is strengthened by the speech amplifier, whose output is then fed into a 
loudspeaker. 

A sharp point, called a stylusy is used for cutting the groove in a record. 
Points used for this purpose are made of hard steel, a sapphire, or a 
diamond. For reproducing the audible sounds from a record a needle 
with a hard steel or sapphire point is used. 

Magnetic Pickup and Magnetic Recording Heads. The basic circuit 
of a magnetic pickup or cutting head is shown in Fig .12-17. The needle 
used in conjunction with a phonograph pickup, when traveling in the 
groove of a record, is caused to move from side to side because of the 
lateral-cut groove. An iron core 
is mounted in the center of the 
coil and also on a pivot so that it 
is free to move between two poles 
of a permanent magnet. A needle 
is mechanically coupled to this 
armature. In its normal position 
the needle is at point A and the 
top of the armature is at A'. 

When the needle moves to point 
B the top of the armature moves 
to B'y and when the needle moves 
to C the top of the armature 
moves tb C\ It can be seen that 
as the armature moves back and 
forth the magnetic lines of force linking the coil are varied, thus caus¬ 
ing an a-f voltage to be induced in the coil. The output from this coil is 
taken from terminals Ti and and is fed into a speech amplifier. 

When the magnetic unit is used in conjunction with a cutting head 
the a-f current from a speech amplifier is fed into the coil through termi¬ 
nals Ti and The varying current flowing in the coil sets up a varying 
magnetic field that causes the armature to move from side to side. This 
movement of the armature also moves the cutting stylus, thus causing a 
lateral-cut groove to be made in the record. The undulations in the 
sides of the groove will thus be made in accordance with the frequency 
and amplitude variations of the a-f current. 

The basic magnetic unit as described has a number of disadvantages. 
In order to provide the necessary damping, the top of the armature is 
embedded in a cushion of soft rubber. As rubber loses its resiliency in a 
comparatively short time, it must be replaced at frequent intervals. 



Fig, 12-17.—Magnetic pickup or recording 
head 
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The aging of the rubber also affects the frequency response and thus the 
response of a magnetic unit employing this type of constniction will vary 
with its age. Because of its disadvantages, the basic magnetic unit is 
seldom used in the average pickup or recording head. 

Three variations of the basic magnetic unit are the Cobra Tone Arm, 
Pickering pickup, and the Caltron pickup. These units are used for 
high-cpiality reproduction. In order to maintain the needle tangent to 
the record groove over the entire record, the mounting arm of the Cobra 
unit is designed with a special curve, while the Pickering unit uses an 

offset head. The mechanical construc¬ 
tion of these units is such as to reduce 
the losses due to the impedance of the 
moving elements to a low value. In the 
Cobra unit this is accomplished by cou¬ 
pling the stylus to a nonmagnetic resis¬ 
tive vane by means of a compliant wire. 
In the Pickering unit a sapphire stylus is 
held in an aluminum mounting that is 
spun inside of a very light, rigid cylin¬ 
der. The cylinder is suspended between the magnetic poles of the unit 
by means of a cantilever spring. In the Caltron unit a vibrating reed 
armature is used to reduce the mechanical losses. 

Crystal Pickup and Crystal Recording Heads, The basic circuit of a 
crystal pickup or cutting head is shown in Fig. 12-18. When used as a 
phonograph pickup, the vibration of the needle in the record groove 
distorts the crystal element. Because of the piezoelectric effect, a 
voltage will be generated across the faces of the crystal. This voltage 
will vary with the amplitude and frequency at which the crystal is dis¬ 
torted. The a-f output of this unit is obtained from terminals Ti and T 2 
and is fed to a speech amplifier. When used in conjunction with a cutting 
head, the operation is reversed. The a-f output of a speech amplifier is 
applied across the faces of the crystal, thus causing the. crystal to be 
distorted because of piezoelectric action. These distortions will then 
cause the stylus, to which it is mechanically coupled to cut a groove 
whose undulations conform to the variations in the amplitude and fre¬ 
quency of the a-f current. A Rochelle-salt crystal is generally used for 
this purpose. 

!^ause the operation of a crystal unit depends on the piezoelectric 
effect of a crystal, its output is independent of the effects of mechanical 
inertia. Because of this feature the fidelity of a crystal unit is very high. 
The frequency response is quite uniform over a range of from 60 to 10,000 
cycles. Another advantage of the crystal unit is that because of its light 


B/morph crystal efemenf 



Fig. 12-18.—Crystal pickup or re¬ 
cording head. 
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weight (approximately one ounce), record wear and background noise are 
almost eliminated. Because of these advantages the crystal unit is used 
extensively. 

Scratch Filter. Surface noise or needle scratch is produced when the 
needle passes over the minute irregu¬ 
larities in the surface of the record 
groove. This surface noise can be re¬ 
duced by use of a scratch filter. Where 
maximum fidelity is not important the 
level of the audible needle scratch can 
be practically eliminated by use of the 
scratch filter circuit shown in Fig. 12-19. 

The circuit is essentially a series res¬ 
onant circuit with the values of L and 
C adjusted to resonate at the frequency 
of the scratch, which is approximately 5000 cycles. The degree of attenu¬ 
ation can be controlled by varying the rheostat 72, which is connected in 
series with the resonant circuit. 

12-14. Magnetic Soimd Recorders and Reproducers. Principles of 
the Magnetic Sound Recorder and Reproducer. The magnetic wire 
recorder, commonly called a sound-on-wire recordexy is a comparatively 
new method of recording sound. The principle of operation of this 
method of recording is illustrated in Fig. 12-20. A single unit can be used 
as a recorder and also as a reproducer. To record, the sound impulse is 
changed to an electrical impulse by the microphone. This electrical 
impulse'is strengthened by an amplifier and fed into a recording head, 
which consists of a coil wound on a soft-iron core that has a small air gap. 
The varying electrical impulse produces a pulsating magnetic field in the 
recording head. A thin unmagnetized wire is passed over the air gap. 
As the magnetic lines of force pass through the section of the recording 
wire that is over the air gap, a magnetic pattern of the sound fed into the 
microphone is induced in the wire (see Fig. 12-20a). When used as a 
reproducer, the above operations are reversed. As the magnetized wire 
passes over the air gap, a pulsating magnetic field is produced in the 
recording head. The pulsating lines of force cut the coil and thus induce 
electrical impulses in the coil. The electrical impulses are then strength¬ 
ened by the amplifier and transformed into sound waves by a loudspeaker. 

The wire used for this type of recorder is usually made of a medium 
carbon steel and is generally about four mils in diameter. The wire is 
wound on a spool about S! inches in diameter and l-J* inches wide. The 
spool holds approximately 11,000 feet of wire and provides about one 
hour of continuous recording. 
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Characteristics of the Magnetic Sound Recorder and Reproducer. As 
there is no wear on the wire in either the recording or the playback opera¬ 
tion, it can be used almost indefinitely. If the wire should break the two 
ends can be knotted together and still be able to pass through the record¬ 
ing head. If the recording is no longer needed, the sounds impressed on 
the wire can be removed by passing it through a demagnetizing unit. 


Unmaanefned 

wire 


Magnetized pattern 
on wire 



Path of 
magnetic 
tines of 
force 


Fig. 12-20.- 



Sound 
waves 

- .. 

Amplified 
electrical 
impulse 

Recording head 

-Schematic iagram of the operation of a magnetic sound recorder and repro¬ 
ducer. (a) Recording, (6) playback. 


The wire can thus be reused many times. If it is so desired, portions 
of a recording can be removed and new recordings inserted. 

Other important advantages of the magnetic wire recorder and repro¬ 
ducer are: (1) excellent fidelity can be obtained without elaborate pre¬ 
cautions; (2) longer recording times; (3) it plays records in any position; 
(4) the practically indestructible and compact record simplifies storage 
and handling; (5) it provides instantaneous playback without processing; 
(6) it has a minimum of background noise; (7) it is affected very little by 
external vibrations and severe shock; (8) it is completely portable. 

12-16, Sound Amplifiers. Requirements of the Sound Amplifier. 
Sound amplifiers are used to increase the voltage and current output of a 
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microphone, phonograph pickup, or radio receiver. Since this amplifier 
ih used to increase the voltage and power of the a-f signals, the explanation 
of the principles, operation, and characteristics of the a-f voltage and 
power amplifiers described in Chaps. VIII and IX will also apply to sound 
amplifiers. Because of the number of different applications of the sound 
amplifier, it is referred to by various names such as the microphone 
amplifier, preamplifier, speech amplifier, phonograph amplifier, public- 
address amplifier, etc. The power output, frequency response, and dis¬ 
tortion of a sound amplifier will depend upon its use. 



Fig. 12-21.—A magnetic wire-recorder and playback unit. {Courtesy of General Electric 

Company,) 

The purpose of the T^'oltage amplifier is to increase the input voltage 
to an amount high enough to operate a power amplifier that will produce 
the desired amount of power output. The power output of sound ampli¬ 
fiers used in public-address systems ranges from only a few watts to 
several hundred watts. The amount of power needed will depend upon 
the area to be covered and whether it is to be used indoors or outdoors. 
The driver voltage requirements of the power amplifier stage will deter¬ 
mine the number of stages of voltage amplification that must be used. 
The overall voltage amplification is equal to the product of the amplifica¬ 
tions of each stage of voltage amplification used. In order to reproduce 
speech with a fair degree of fidelity, the variation in the overall gain of the 
amplifier over a range of 100 to 4000 cycles should not exceed one decibel. 
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Because of the much wider frequency range required for the reproduction 
of music, the frequency response of an amplifier used for this purpose 
should be fairly uniform over a range of 50 to 8000 cycles. 

Public-address Systems. A public-address unit is usually entirely 
self-contained. The complete unit consists of a power supply, voltage 
amplifier, power amplifier, microphone, and loudspeaker. As some 
public-address applications require that more than one microphone be 
used simultaneously, the input circuit of a public-address system is 



Fig. 12-22.—A commercial 15-watt amplifier. {Courtesy of Thordarson Electric Manufac¬ 
turing Division Maguire Industries^ Inc.) 

usually provided with more than one channel. Thus the input circuit 
may have one or more high-impedance channels for crystal, dynamic, 
or velocity microphones, and one or more high-impedance phonograph 
channels for crystal or magnetic pickups. Provision is also usually made 
for operating more than one pm dynamic or electrodynamic loudspeakers 
from the output circuit. In order to facihtate impedance matching to 
the voice coil, the output transformer is usually tapped at various voice- 
coil impedances such as 2, 4, 8, etc., ohms. 

A public-address unit of a comparatively low power output is illus¬ 
trated in Fig. 12-22 and its circxiit diagram is shown in Fig. 12-23. The 
unit is entirely self-contained and operates from a 115-volt 60-cycle line. 
Full-wave rectification is obtained in the power supply by use of a duo- 
diode and a transformer having a center-tapped secondary. Three high- 
gain resistance-capacitance-coupled voltage amplifier stages are used to 
provide sufficient voltage to drive the grids of the power amplifier tubes. 
The power amplifier uses two beam power tubes operated as a Class Ai 
push-pull ampMer. Inverse feedback is obtained by use of a separate 
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Fig. 12-23.—Circuit diagram of the 16-watt amplifier shown in Fig. 12-22. {Courtesy of Thordarson Electric Manufacturing Divii 

Maguire Industries, Inc.) 




















570 


ESSENTIALS OF RADIO 


[Art. 12-15 


winding on the output transformer. A high-impedance microphone 
channel and a high-impedance phonograph channel are provided with 
separate controls for each channel. A terminal board is provided with 
the necessary jumpers so that either two pm dynamic or two clectro- 
dynamic loudspeakers may be used. The distortion of this amplifier 
when operating at full output is comparatively low, it being less than 5 
per cent of the total output. This unit may be used as a voice amplifier 
in a small hall or for other similar applications. 

Example 12-4. A microphone whose output is 60 db below 6 mw is feeding an 
amplifier that delivers 15 watts of undistorted output power. What is the overall 
gain from the microphone to th(* loudspeaker? 

Given: 

Input = 60 db below 6 mw 
Po =* 15 watts 

Solution: 

db output = 10 log p = 10 log = 10 log 2500 = 10 X 3.3079 ^ 3-1 <11) 
Overall gain = db output — db input = 34 — (— 60) = 94 db 

BIBLIOGRAPHY 

Albert, A. li., Electrical FundamerUals of Communication^ McGraw-Hill Book Com¬ 
pany, Inc., New York. 

Butler, F. E., Techniques of Sound Recording, Radio News, November, 1943. 
Goodell, J. D., The Reproduction of Disc Recordings, Radio News (Radio-hwlec- 
tronic Engineering Edition), October, 1946. 

Hicks, H. J., Principles and Practice of Radio Servicing, McGraw-Hill Book Company, 
Inc,, New York. 

Jensen Technical Monographs, Jensen Radio Manufacturing Company, Chicago, Ill. 
Moody, W., Microphones—How To Use Them, Radio News, January, 1943. 

Nilson, a. R., and Hornung, J. L., Practical Radio Communication, McGraw-Hill 
Book Company, Inc., New York. 

Seitz, H. J., Meet the Microphone, Radio News, August, 1946. 

Smith, F. L., The Radiotron Designer's Handbook, The Wireless .Press, Sydney, 
Australia; distributed in U.S.A. by RCA Manufacturing Company, Inc., Harri¬ 
son, N. J. 

Term AN, F. E., Fundamentals of Radio, McGraw-Hill Book Company, Inc., New York. 

QUESTIONS 

1. What is the purpose of each of the following audio units: (a) the microphone? 
(6) The loudspeaker? (c) The phonograph pickup? (d) The magnetic reproducer? 

2. Define (o) air-pressure-type microphone, (6) contact-type microphone. 

3. Name and describe the applications of two types of air-pressure microphones. 

4. Name and describe the applications of three types of contact microphones. 

5. What are some of the advantages of contact-type microphones? 

6. Which type of audio unit normally has a wider frequency response characteris- 


Find: 

Overall gain 
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tic, a microphone as used at a transmitter or a loudspeak(*r as used with an average 
home reec'iver? k]xplain the reason for your ansv\rer. 

7. What is meant by the sensitivity of a microphone? 

8. (a) What is meant when it is stated that a microphone has a unidirectional 
frequency response characteristic? (b) Why is this type cliaracteristic desirable in 
most types of microphone applications? 

9. (a) What is meant by a cardioid or supercardioid type microphone? (6) 
What is the main advantage of this type of microphone? 

10. (a) Why is it necessary to rate a microplione for some definite unit of pressure? 
(6) What is the unit of pressure most generally used? 

11. (a) What does the term bar actually mean? (b) In rating microphones, what 
do many manufacturers consider the ttTm bar to represent? 

12. (a) What is meant by a low-impedance microphone? (b) Name three types 
of low-impedance microphones. 

13. (a) What is meant by a high-impedance microphone? (b) Name two types 
of high-impedance mi(!rophones. 

14. Is it possible to use a low-impedaiictj microphone in a high-impedance speech 
amplifier circuit? Explain. 

16. (a) How are low-impedance microphones usually rated? (6) Why is this type 
of rating used? 

16. (a) What zero power reference level is usually used in the rating of low imped¬ 
ance microphones? (b) What zero reference pressure level is usually used? 

17. (a) How are high-impedance microphones usually rated? (6) Explain the 
meaning of this rating, (c) Why is this type of rating used? 

18. What method is used to couple the amplifier circuit to (a) a low-impedance 
microphone? (b) A high-impedance microphone? 

19. How is maximum power transfer obtained between the microphone and ampli¬ 
fier circuit (a) with a low-impedance microphone? (6) With a high-impedance 
microphone? 

20. hkplain why the length of the line connecting the microphone to its amplifier 
circuit can be of any length with a low-impedance microphone but must be com¬ 
paratively short with high-impedance microphones? 

21. Explain the principle of operation of a single button carbon microphone circuit. 

22. Explain the principle of operation of a double-button carbon microphone 
circuit. 

23. What are the advantages and disadvantages of the carbon microphone? 

24. For what types of service are carbon microphones generally used? 

26. Describe the construction and operation of a bimorph cell. 

26. What material is generally used for constructing bimorph cells associated with 
microphones? Explain why this material is used. 

27. What type of interstage coupling is used in amplifier circuits associated with 
crystal microphones? Explain. 

28. (a) What are the advantages of crystal microphones? (6) For what types of 
service are crystal microphones generally used? (c) What precautions must be taken 
when using crystal microphones? 

29. Describe the construction and principle of operation of the capacitor micro¬ 
phone. 

80. (a) What are the disadvantages of the capacitor-type microphone? (b) For 
what type of service is the capacitor microphone generally used? 

81. Describe the construction and principle of operation of the dynamic or mov¬ 
ing-coil type of microphone. 
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82. (a) What are the advantages of the dynaniie-type microphone? (/>) For what 
types of service are dynamic microphones generally used? 

83. Describe the construction and principle of operation of the velocity- or ribbon- 
type microphone. 

84. What are the advantages of the velocity-type microphone? 

86 . (a) Describe the construction and principle of operation of the horn-type mag¬ 
netic loudspeaker, (b) Explain the limitation in output of this type of loudspeaker. 

86 . (a) Describe the construction and principle of operation of the cone-type mag¬ 
netic loudspeaker, (h) Explain the main advantage* of this type of loudspeaker. 

37. hlxplain why it is not practical to use a magnetic loudspeaker for reproducing 
high values of audio-frequency currents. 

38. (a) Describe the construction and principle of operation of the permanent- 
magnet dynamic loudspeaker, (h) Explain why it is not practical to use the pm 
dynamic loudspeakers for reproducing high values of audio-frequency currents. 

89. Describe the construction and principle of operation of the electrodynamic 
loudspeaker. 

40. (a) What are the advantages of the pm dynamic loudspeakers? (b) For what 
types of service are pm dynamic loudspeakers generally used? (c) How are pm 
dynamic loudspeakers usually rated? 

41. Explain why it is necessary to use an output transformer to couple the power 
output stage of a radio receiver to a dynamic-type loudspeaker. 

42. Explain three methods used to obtain the direct current required for the field 
windings of electrodynamic loudspeakers. 

48. (a) What are the advantages of the electrodynamic-type loudspeaker? (6) 
How are electrodynamic loudspeakers usually rated? (c) For what types of service 
are electrodynamic loudspeakers generally used? 

44. (a) What is the purpose of a horn as associated with loudspeakers? (b) How 
does the horn accomplish this purpose? 

46. In horn-type loudspeakers what is meant by (a) the driver unit? (b) The 
throat? (c) The mouth? 

46. How does the efficiency of transmission for the audio-frequency range of 
sounds vary for a horn with (a) a conical taper? (b) A parabolic taper? (c) An 
exponential taper? (d) A hyperbolic taper? 

47. (a) How is sound recorded mechanically on disks? (b) What materials are 
used for making disks? 

48. (a) What is meant by a vertical-cut record? (b) What is meant by a lateral- 
cut record? (c) Which of these two methods is most commonly used? 

49. (a) What is the purpose of the stylus? (b) What materials arq used in making 
a stylus? 

60. Describe the construction and principle of operation of the basic magnetic 
pickup or recording head, 

61. (a) What disadvantage is present in the basic magnetic unit? (b) Describe 
three variations of the basic magnetic unit that have been developed for high-quality 
reproduction. 

62. (a) Describe the construction and principle of operation of a crystal pickup or 
recording head, (b) What are some of the advantages of the crystal unit? 

68. (a) What is meant by surface noise? (b) Explain the action of the circuit used 
to minimize surface noise. 

64. (a) Explain the principle of operation of a magnetic sound recorder and 
reproducer, (b) What are the advantages of the magnetic recorder and reproducer? 
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56. What are the requirements of a sound amplifier? 

66. What basic units are required for a complete public-address system? 

67. Why is it desirable for the input circuit of a public-address unit to have more 
than one channel? 

68 . What provision must be made when operating more than one loudspeaker 
from the output circuit of a sound amplifier system? 

PROBLEMS 

1. A certain single-button carbon microphone has an output power rating of 12 
db below 6 mw for a 100-bar signal. What is the power output with an input signal 
of (a) 100 bars? (b) 10 bars? (c) 10 dynes por square centimeter? (d) 200 bars? 

2. What is the power output of a carbon microphone with an input signal of 100 
dynes per square centimeter if the output level rating of the microphone is 27 db below 
6 mw for 10 dynes per square centimeter pressure? 

3. If the microphone of Prob. 2 has a voltage rating of 50 db below 1 volt per bar, 
what is the output voltage with a pressure of 100 dynes per square centimeter? 

4. What is the power output of a double-button carbon microphone whose output 
level rating is 55 db below 6 mw for a 10-bar speech signal when the input signal is 

(а) 10 bars? (b) 100 bars? 

5. What is the power output of a low-impedance (250 ohms) dynamic-type 
microphone whose output level rating is 63.8 db below 6 mw, when feeding into a 
250-ohm impedance, for a 10-bar signal when the input signal is (a) 10 bars? (b) 50 
bars? 

6. A certain dynamic-type microphone has a self-contained transformer, which 
increases its output impedance to 35,000 ohms. If its output level rating is 55 db 
below 1 volt per bar what is the output voltage for (a) a 10-bar signal? (b) A 100-bar 
signal? 

7. (a) A certain low-impedance (50 ohms) dynamic-type microphone has a voltage 
output level rating of 86 db below 1 volt per bar. What is the output voltage for a 
1-bar signal? (b) When the same microphone is equipped with a transformer that 
raises the impedance at its output terminals to 38,000 ohms, the voltage output level 
is 54 db below 1 volt per bar. What is the output voltage for a 1-bar signal? 

8 . What is the output voltage of a velocity-type microphone equipped with a 
transformer that produces an output impedance of 35,000 ohms and then has a voltage 
output level rating of 65 db below 1 volt per bar, for an input signal of (a) 1 bar? 

(б) 10 bars? 

9. What is the voltage output of a crystal-type microphone that has a voltage 
output level rating of 48 db below 1 volt per bar for an input signal of (a) 1 bar? 
(6) 10 bars? 

10. A certain crystal-type microphone has a voltage output level rating of 58 db 
below 1 volt per bar at the microphone terminals and 61.5 db below 1 volt per bar at 
the end of a 25-foot cable. For an input signal of 10 bars, find (a) the output voltage 
at the microphone terminals, (b) the output voltage at the end of the 25-foot cable, 
(c) the voltage drop in the cable, (d) the per cent of voltage loss in the cable. 

11. The output level (in decibels below 1 volt per bar) at the terminals of the 
cable for a certain crystal microphone is given for various lengths of cable in the follow¬ 
ing table. Prepare a table showing the output voltage and the per cent of voltage 
available for the various cable lengths listed, using the output with a 7-foot cable as 
100 per cent. 
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Cable Length, 

Output Level, 

Feet 

Decibels 

7 

-53 

25 

-55 

50 

-58 

75 

-60 

100 

-61 5 

150 

-64 

200 

-66 

12. The output level (in decibels below 1 volt per bar open circuit) at the terminals 
of the cable for a certain dvnamic iriicrophone with an impedance oi 50 ohms is given 
for various lengths of cable in the following table Prepare a table showing the out- 

put voltage and the per cent of voltage available for the various 
using the output with a 25-foot cable as 100 per cent. 

cable lengths listed, 

Cable Length, 

Output Level, 

Feet 

Decibels 

25. 

-83 

250 

-83 5 

500 

-84 

1000 

-85 

2000 . 

-86 5 


13. What turns ratio is required of a transformer used to couple a single-button 
carbon microphone whose impedance is 100 ohms to a grid circuit whose mput imped¬ 
ance should be 60,000 ohms? 

14. A certain transformer designed for coupling the output of a dynamic micro¬ 
phone to the grid circuit of a tube provides a choice of 7.5 ohms or 30 ohms primary 
impedance and 50,000 ohms secondary impedance. What is the turns ratio for (a) the 
7.5/50,000-ohm connection? (6) The 30/50,000-ohm connection? 

15. A microphone transformer used for matchmg the output of a crystal micro¬ 
phone to its connecting cable has a number of secondary terminals so that it can be 
operated with lines of various values of impedance. The rated primary impedance is 
100,000 ohms and the secondary is rated at 50, 200, and 500 ohms. What is the turns 
ratio for (a) the 100,000/50-ohm connection? (h) The 100,000/200-ohm connection? 
(c) The 100,000/500-ohm connection? 

16. The microphone transformer used to couple a certain velocity-type microphone 
to its Ime has an impedance ratio of 0.2/500 ohms. What is its turns ratio? 

17. A general-purpose transformer designed for matching low-impedance sources 
to a grid circuit has an impedance ratio of 200/50 ohms primary to 500,000 ohms 
secondary. What is the turns ratio for (a) 200/500,000 ohms? (6) 50/500,000 ohms? 

18. A general-purpose output transformer that can be used to match the output 
of the average output tube of a small radio receiver to a line or to a voice coil of the 
loudspeaker has a primary impedance of 5000 ohms and by choice of terminals second¬ 
ary impedance values of 500, 200, 50,15, 8, 5, 3, and 1.5 ohms can be obtained. What 
is the turns ratio for each of these impedance ratios? 

19. (a) If the scratch filter circuit of Fig. 12-19 uses a 160-mh choke, what value of 
capacitance should be used to make the filter most effective for 5000-cycle currents? 
(6) What is^the impedance of the filter circuit to 5000-cycle currents if the value of the 
resistance is 100 ohms? (c) What is the impedance to 3000-cycle currents for the 
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same circuit values as in (h)? (d) What is the impedance to 7000-cycle currents for 

the same circuit values as in (/>)? 

20. (a) If the scratch filter circuit of Fig. 12-10 uses a 220-mh choke, what value of 

capacitance should be used to make the filter most effective for 5000-cycle currents? 
(6) What is the impedance of tlie iilter circuit to 5000-cycle currents if the value of the 
resistance is 100 ohms? (c) What is the impedance to 3000-cyclc currents for the 
same circuit values as in (5)? (d) What is the impedance to 7000-cycle currents for 

the same circuit values as in (5) ? 

21. A publicvaddress sound system that is capable of delivering 35 watts of undis¬ 
torted output power is being used with a microphone whose power output level rating 
is 72 db below 6 mw. Wliat is the overall decibel gain from the microphone to the 
loudspeaker when the system is delivermg its rated output of 35 watts? 

22. A 20-watt public-address sound system is being used with a microphone rated 
at 65 db below 6 mw. What is the minimum overall gain that the system should be 
capable of delivering? 

23. A certain public-address sound system is rated to produce an output of 15 
watts. The gain of the system for the microphone input chamiel is 113 db and for 
the phono input chamiel it is 72 db. (a) What is the minimum output that the micro¬ 
phone may supply in order to produce the rated output? (b) What is the mmimum 
output that the phonograph pickup unit must supply in order to produce the rated 
output? 



CHAPTER XIII 

TRANSMITTING CIRCUITS 

The purpose of a radio transmitter is to produce and send out into 
space radio-frequency energy. Any of the oscillator circuits described in 
Chap. X may be used to generate a steady high-frequency current. This 
steady current is commonly called the earner wave or simply the earner. 
The steady r-f current does not contain any signal and hence the informa¬ 
tion to be transmitted must be added to it. The process of adding the 
signal to the carrier wave is referred to as modulation. The modulation 
or control of a carrier wave can be accomplished by mechanical means, 
as in a radio telegraph transmitter, by means of sound, as in a radio 
telephone, or by visual images as in television. 

An antenna is used to send out the modulated r-f energy over large 
distances. This is accomplished by feeding the energy to be transmitted 
into the antenna circuit. The high-frequency current flowing in the 
antenna circuit sets up magnetic and electric fields about it. Because 
alternating current is used, these two fields are constantly being pushed 
away from the antenna, thus causing the energy to be radiated into space. 

The essential parts of a simple transmitting circuit are (1) an oscillator 
to produce the carrier wave, (2) a modulating device to control the out¬ 
put signal, (3) an antenna to radiate the output signal into space. 

13-1. Types of Broadcasting Systems. Need of a Carrier Wave. 
Theoretically, electromagnetic fields can be produced and radiated into 
space by feeding an a-f signal current directly into the antenna. There 
are, however, two considerations that make this impractical. First, the 
amount of energy required for transmission over any reasonable distance 
would be prohibitive. This may be seen from the statement that the 
energy radiated for a given amount of power input varies directly as some 
power of the frequency. As the power rating of broadcast transmitters 
operating at frequencies around one million cycles (1000 kc) generally is 
from i to 60 kilowatts, it becomes evident that in order to radiate an equal 
amount of energy at a frequency of 100 cycles a tremendous amount of 
power would be required. Second, if suflScient power was available to 
transmit at the audio frequencies, all broadcasting stations’ signals would 
interfere with each other therefore only one station could be operated at a 
time. The use of high-frequency carrier waves eliminates both of these 
handicaps. 
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Types of Waves. The following definitions are from the IRE Stand¬ 
ards. The term signal is defined as the form or variation with time of a 
wave whereby the information, message, or effect is conveyed in communi¬ 
cation. A signal wave is a wave the form of which conveys a signal. A 
carrier wave is the unmodulated component of a signal wave. A modu^ 
lated wave is a wave of which either the amplitude, frequency, or phase is 
varied in accordance with a signal. A side hand is a band of frequen¬ 
cies on either side of the carrier frequency, produced by the process of 
modulation. 

Modulation. The carrier wave of a radio transmitting system is a 
wave of constant value of frequency and amplitude. The carrier wave by 
itself will not produce any sound at the loudspeaker of the ordinary broad¬ 
cast receiver. The transmission of intelligence occurs when the carrier 
wave is modulated by a signal. The IRE definition of modulation states 
that modulation is the process by which some characteristic of a periodic 
wave is varied with time in accordance with a signal. Modulation is 
generally accomplished by combining a signal and a carrier wave. The 
signal is also referred to as a modulating wave and the resultant wave is 
called the modulated wave (see Figs. 13-1, 13-2, 13-4, and 13-5). 

Although many methods of modulation can be devised, the only ones 
of practical value at present are amplitude modulation, frequency modu¬ 
lation, and phase modulation. Of these, only amplitude modulation and 
frequency modulation are used in radio broadcast transmission. 

Mathematically, a carrier wave may be considered as 

e = Em sin (2irft + 6) (13-1) 

From Eq. (13-1) it can be seen that the wave form can be varied by three 
factors, namely, Em, f, and 6. Amplitude modulation occurs when modula¬ 
tion is obtained by varying only the voltage Em^ Frequency modulation 
occurs when modulation is obtained by varying only the frequency /. 
Phase modulation^ which is very similar to frequency modulation, occurs 
when modulation is obtained by varying only the phase relationship 
represented by Q. The types of broadcasting systems in present use are 
thus classified as either amplitude modulated, abbreviated a-m, or fre¬ 
quency modulated, abbreviated f-m. 

13-2. Amplitude Modulation. Amplitude-modulated Wewe. An am¬ 
plitude-modulated wave is defined by the IRE standards as one whose 
envelope contains a component similar to the wave form of the signal to 
be transmitted. In amplitude modulation the amplitude of the carrier 
wave is varied by the strength of the signal, which is the modulating 
quantity. The effect of amplitude modulation can be seen from a study 
of Fig. 13-1. Figure 13-la represents a high-frequency carrier wave of 
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constant amplitude and frequency. The wave of Fig. 13-16 represents an 
audio-frequency signal of sine-wave form; the sine-wave form is used 
here to show the effect of modulation more clearly. (The effect of voice 
modulation is illustrated in Fig. 13-2.) Figure 13-lc shows the result 
obtained by modulating the carrier wave (a) with the modulating wave 





Carrier wo(ve,consfanf amplifude-consfoint frequency 




Signal,or modulafinqi wave 


rc) 


(d) 



Fully modulated carrier wave, 100 percent modulation 



Over modulated carrier wave,modulation exceedinqf 100 per cent 
Fio. 13-1.—Wave shapes of a carrier wave that is amplitude-modulated by a sine-wave 

signal. 

(6). Further examination of Fig. 13-lo will show that the outline of the 
modulated carrier-wave is similar in form to the modulating wave; 
accordingly, this outline is commonly called the modulation envelope. 

Per Cent of Modulation. In amplitude modulation it is common 
practice to refer to the per cent of modulation, usually designated as M. 
Actually this is a means of expressing the degree to which the signal 
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modulates the carrier wave. The per cent of modulation is proportional 
to the ratio of the maximum values of the signal and carrier waves, or 

M = value of si^ l 

maximum value of carrier 

This may be expressed in terms of Fig. 13-1 as 

M = ^ X 100 (13-31 

where M = per cent of modulation 

B = maximum value ol the modulating wave, volts 
A = maximum value of the carrier wave, volts 
The effect of different amounts of modulation upon the carrier wave is 
shown by the various illustrations in Fig. 13-1. As the maximum undis- 



Carrier wave,constant amplitude-constant frequency 


(bJ 

Voice signal, or modulating wave 


(c) 


Modulated carrier wave, 100 percent modulation af signal peaks 
Fig. 13-2.—Wave shapes of a carrier wave that is amplitude-modulated by a voice signal. 

torted power output of a transmitter is obtained with 100 per cent 
modulation, it is generally desirable to operate with such a fully modu¬ 
lated carrier wave. If the modulation is less than 100 per cent, the power 
output is reduced, even though the power of the carrier wave has not been 
reduced. If the modulation exceeds 100 per cent, the output of the 
transmitter will be a distorted version of the original modulating wave. 

Side Bands. During the process of modulation a heterodyne action 
(see Art. 5-7) takes place and as a result two additional frequencies 
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appear. These new frequencies are the result of the heterodyning action 
and are beat frequencies whose values are equal to the sum and difference 
of the carrier frequency and the modulating frequency. The value of 
frequency equal to the sum of the carrier and modulating frequencies is 
called the upper side frequency^ and the value equal to the difference of 
the carrier and modulating frequencies is called the lower side frequency. 

In radio broadcasting the modu¬ 
lating frequency varies continu¬ 
ally and over a considerable 
range. Accordingly, the single 
value of upper side frequency 
referred to above is replaced by a 
band of frecjuencies, called the 
upper side hand, whose width is 
equal to the difference between 
the maximum and minimum val¬ 
ues of the modulating frequen¬ 
cies. Likewise, the single value 
of lower side frequency will be re¬ 
placed by a lower side band. For 
example, if a 1000-kc carrier wave 
is modulated by audio signals 
varying between 100 and 5000 
cycles, the maximum upper side 
frequency is 1005 kc and the min¬ 
imum lower side frequency is 995 kc. Under this condition, the trans¬ 
mitter requires a 10-kc channel extending from 995 to 1005 kc (see Fig. 
13-3). 

The mathematical explanation of side-band frequencies can be derived 
from the fundamental equations of the carrier wave and the modulating 
signal. The carrier wave may be represented by 

ec = Ec.fn sin 2wfct (13-4) 

and the signal may be represented by 

e, = mEc.m sin 2jrU (13-6) 

When the carrier wave is being modulated by a sine-wave signal of con¬ 
stant frequency and fc is large compared to /„ the modulation envelope 
may be represented by 



Fia. 13-3.—niustration of the side bands 
and the channel width for a 1000-kc carrier 
wave that is being amplitude-modulated by 
audio frequencies ranging from 100 to 6000 
cycles. 


e*., = + m ain 2trf,t) sin 2irf^ 


(13-6) 
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where Pm-e = instantaneous value of the modulation envelope 
j&c m = maximum value of the carrier wave 

m = modulation factor = 

1 uu 

Ss = frequency of the modulating signal 
/c = frequency of the carrier wave 
Expanding Eq. (13-6) produces 

Cm-c = Ec.m sin 2Tfcf + mEc.m sin 2Tfrt sin 27r/«^ (13-6a) 

From trigonometry 

sin 2Trfct sin 2Trfat = i cos (2wfft — 2x/,0 icos (2Tr/ct + 2Tfsi) (13-7) 
Substituting Eq. (13-7) in (13-Ga) and rearranging terms 

e..-. = sin 2Tfd + cos Mfc - f.)t - 

cos2t-(/c+/.)< (13-8) 

Equations (13-8) indicates the existence of three distinct frequencies, 
namely, the carrier frequency /<., the lower side band (/<? •— /«), and the 
upper side band (/c + /«). This leads to the conclusion that amplitude 



(a) (b) (c) 


Fig. 13-4.—Wave shapes of a carrier wave that is frequency-modulated by a sine-wave 
signal, (a) No modulating signal, (b) 600-cycle modulating signal, (c) 1000-cycle modu¬ 
lating signal. 

modulation adds side-band frequencies above and below the carrier fre¬ 
quency. However, for convenience of illustration it is common practice 
to show the combined wave form of the carrier and its side bands as 
indicated by Figs. 13-lc, d, e, and 13-2c. 

13-3. Frequency Modulation. Frequency-modulated Wave. In fre¬ 
quency modulation, the amplitude of the modulated wave is maintained 
at a constant strength, namely, the same value as the unmodulated carrier 
wave. The frequency of the modulated wave is varied in proportion to 
the amplitude of the modulating signal, and at a rate determined by the 
frequency of the modulating signal. This is illustrated by Figs. 13-4 
and 13-5. From Fig. 13-4 it can be seen that the frequency of the modu- 
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lated wave increases as the signal voltage increases and that it decreases 
as the signal voltage decreases. Comparison of Figs. 13-46 and 13-4c 
shows that the variation in frequency is determined only by the ampli¬ 
tude of the signal and that the rate of variations in frecpiency is detei- 
mined by the frequency of the signal. Figure 13-5 is another method of 
illustrating the effect of the amplitude of the signal upon the frequency 
of the modulated wave. 

Frequency Deviation, The frequency of an f-m transmitter without 
any signal input is referred to as the resting frequency or the cenUr fre- 
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Fig, 13-5 —Wave shapes of a earner wave that is frequenry-modulatod by square-wave 
signal voltages (From N. M, Cooke and J. Markus, Electronics Dictionary ) 


guency. This value corresponds to the assigned frequency of the trans¬ 
mitter. When a signal is applied, the variation in frequency either above 
or below the resting frequency is called the frequency deviatim, and the 
total variation in frequency is called the carrier swing. For example, 
in Fig. 13-5 the resting frequency is 5 cycles, the deviation for the weak 
signal is 2 cycles, and the carrier swing is 4 cycles. With the strong 
signal, the deviation is 4 cycles and the carrier swing is 8 cycles. It 
should be realized that the values of frequency used in Fig. 13-6 are not 
practical values; they have been made of very low values for convenience 
of illustration. Actually, f-m broadcast transmitters operate at higher 
frequencies than a-m broadcast transmitters. They were originally 
assigned frequencies of from 42 to 50 me, but have since been changed to 
frequencies of from 88 to 106 me. 

Modulation. In a-m systems the per cent of modulation expresses 
the degree to which the amplitude of the signal modulates the carrier. 
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With f-m systems, the amplitude of the carrier remains constant, hence 
some other means must be used to express the degree of modulation. 
Because the amplitude of the signal produces a variation in the frequency 
of the modulated carrier, the degree of modulation is expressed in terms 
of the frequency deviation. A frequency deviation of 75 kc is now con¬ 
sidered equivalent to 100 per cent modulation in the a-m system. Under 
this condition, the total carrier swing will be 150 kc. To avoid possible 
interference between stations on adjacent channels, the assigned fre¬ 
quencies are at least 200 kc apart, thereby allowing an ample safety zone. 

The frequency deviation is sometimes expressed in terms of the ratio 
of maximum frequency deviation to the maximum audio frequency being 
transmitted; this is commonly referred to as the deviation ratio. For 
example, if an f-m transmitter operates with a maximum frequency 
deviation of 75 kc and reproduces audio signals up to 15 kc, its deviation 
ratio is 5. 

Side Bands, Side bands are also present in f-m transmission. From 
the foregoing discussion it can be seen that the side-band frequencies are 
determined by the amplitude of 
the modulating signal. While the 
sideband frequencies are appar 
ently unlimited, present f-m trans- 
mission is based on a 75-kc 
frequency deviation. For ex¬ 
ample, with a given signal fre¬ 
quency the frequency deviation, 
and hence the number of side 
bands, is dependent upon the am¬ 
plitude of the signal. If the value 
of the deviation ratio is approxi¬ 
mately 5, the side bands above the 
maximum frequency are so small that they may be ignored. Under this 
condition, the channel width for f-m transmission should be approxi¬ 
mately double the value of the maximum frequency deviation. On this 
basis, it can be seen that a 150-kc carrier swing can reproduce a-f signals 
up to 16,000 cycles. 

13-4. Transmitter Requirements. The Oscillator as a Transmitter. 
A simple transmitter can be made by coupling the output of an oscillator 
circuit directly to the antenna. The output of this simple transmitter 
can be controlled by connecting a key in the B power supply circuit as 
shown in Fig. 13-6. As the plate supply voltage is interrupted when the 
key is open, the circuit will oscillate only as long as the key is kept closed. 
Thus by the proper operation of the key, it is possible to control the con- 



lU 


Fig. 13-6.—A simple transmitting circuit. 
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tinuous wave output in accordance with a prearranged code. This 
circuit can be used for radio telegraphy. In this method of communica¬ 
tion the key reduces the c-w output to zero when its contacts are open, 
and permits the full power output to reach the antenna when the contacts 
are closed. 

In the transmitter circuit shown in Fig. 13-6 the plate power supply is 
interrupted and hence this method of control is called plate-supply keying. 
The method of keying shown in Fig. 13-6 is seldom used because of the 
high voltage at the key and its potential danger to the operator. Two 



Fig. 13-7.—Methods of obtaining low-voltage keying, (a) Blocked-grid keying, (6) 

cathode keying. 

systems of keying generally used are the blocked-grid and the cathode 
methods. In each of these methods a comparatively low value of voltage 
is interrupted. Grid-blocked keying is accomplished by applying a 
suitable amount of negative voltage to the control grid when the key is 
opened (see Fig. 13-7o). This voltage is called the blocking bias and 
should be high enough to cut off completely the plate current flow. 
Closing the key disconnects the blocking bias from the circuit, leaving 
only the operating bias in the grid circuit. Cathode keying, is accom¬ 
plished by connecting the key in the cathode circuit so that both the grid 
and plate circuits are opened at the same time (see Fig. 13-76). 

The Oscillator as a Frequency Controlling Device. Because a crystal 
is capable of handling only a small amoimt of current the simple crystal- 
controlled-oscillator transmitter can be used for delivering only a rela¬ 
tively small amount of power output. A larger power output can be 
obtained by using a self-controlled oscillator. However, this method is 
also unsatisfactory, as very little power can be taken directly from the 
oscillator without producing instability of the frequency and amplitude 
of its output current. A more satisfactory method is to feed the low 
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power output from the oscillator to the input circuit of an r-f amplifier. 
The output of the amplifier may then be fed directly to the antenna or to 
the input circuit of an additional r-f amplifier. In this type of transmitter 
the oscillator is used only as a frequency controlling element, the desired 
power output being obtained from the r-f amplifiers, A number of 
amplifier stages can be used and thus with this method of producing r-f 
, power it is possible to obtain outputs of thousands of watts. The com¬ 
bination of the oscillator and its successive r-f amplifiers is usually referred 
to as the master oscillator power amplifier and is generally abbreviated as 
MOP A or mopa. 

Dynamic instability caused by variations in the antenna load is 
greatly reduced by use of the master oscillator power amplifier. Since 
the antenna is coupled directly to the r-f power amplifier, any change in 
capacitance between the antenna and ground will only affect the reson¬ 
ance conditions between these two circuits. The effects of this difference 
in resonance is very small and can usually be ignored. The r-f amplifier, 
in addition to increasing the r-f power output, also serves to isolate the 
oscillator circuit from the output load of the transmitter. Because of 
this action it is called a buffer amplifier. In a transmitter circuit employ¬ 
ing more than one stage of r-f amplification the only stage called a buffer 
amplifier is the one that is coupled directly to the oscillator. This stage 
of amplification is usually a voltage amplifier and serves to isolate the 
oscillator from the effects of any variations in the succeeding r-f power 
amplifiers. 

The frequency stability requirement of transmitters is very high, 
hence it has become common practice to use a crystal-controlled oscilla¬ 
tor as the master frequency control. However, a crystal-controlled 
oscillator can be used only for producing medium radio frequencies 
because of the physical limitations of the crystal. In order to produce 
r-f outputs above 10 me it is desirable to use frequency multiplication 
(see Art. 10-13). 

Block Diagram of an Amplitude-modulated Transmitter. A trans¬ 
mitter may be considered as an assembly of such components that will 
produce a modulated output of the desired frequency and power. The 
type and number of components that are required will depend upon the 
desired frequency and power output. This can be seen by a study of 
the block diagrams of the radio transmitters shown in Fig, 13-8. Trans¬ 
mitters with a low power output and medium radio frequencies require 
only a few components of comparatively small size. The r-f portion of 
such a transmitter consists of a crystal-controlled oscillator, a buffer 
amplifier, and a power amplifier. The crystal-controlled oscillator pro¬ 
duces an alternating current of the required carrier frequency value. 
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The power output of the oscillator is increased by the buffer amplifier to 
the value required to drive the power amplifier. The r-f amjdifier pro¬ 
duces the desired power output. The a-f portion of the transmitter 
fionsists of a microphone, a speech amplifier, and a modulator. The low 
voltage output of the microphone is increased by the speech amplifier to 
a value that is high enough to drive the modulator. The modulator is 
the last stage of the a-f amplifier and produces the a-f output required to 
obtain 100 per cent modulation. The output of the modulator is fed into 



(a) 



(bJ 

Fia. 13-8.—Block diagrams of an amplitude-modulated transmitter, (a) Badiotelephonc 
transmitter for medium frequencies, (6) radiotelephone transmitter for high frequencies. 

the r-f power amplifier, which also serves as a modulating amplifier. 
The modulating amplifier is a linear r-f amplifier of the carrier frequency 
and is the stage in which the modulation actually occurs. 

In order to produce a radio frequency output greater than 10 me, one 
or more stages of frequency multiplication are generally used. In addi¬ 
tion to producing a multiple of its input frequency the frequency multi¬ 
plier also serves as an r-f amplifier. 

In order to produce a high power output a push-pull r-f amplifier or 
several stages of single-tube amplification may be used. The r-f amplifier 
section that precedes the power amplifier is usually referred to as the exciter. 
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The number and also the operating characteristics of the amplifier units 
in the exciter are determined by the power required to drive the power 
amplifier tube. The calculation of the amount of power required to 
drive a power amplifier tube efficiently is a rather complex procedure. 
For practical purposes the driving power is generally assumed to be 
approximately 10 per cent of the required amplifier tube power output. 



Fig. 13-9.—Block diagram of a frequency-modulated transmitter. 


Block Diagram of a Frequency-modulated Transmitter. The type and 
number of components used in an f-m transmitter depends upon the 
system of modulation employed, the power output required, and the 
method used to stabilize the carrier or resting frequency. A block 
diagram of an f-m transmitter using the reactance tube system of modu¬ 
lation is shown in Fig. 13-9. The reactance tube modulator combines the 
outputs of the oscillator and speech amplifier to produce a frequency- 
modulated output. The modulator operates at a fraction of the trans¬ 
mitter frequency, hence a frequency multiplier is used to obtain the 
desired operating frequency. The output of the frequency multiplier 
drives the power amplifier, which in turn produces the desired power 
output. 

Transmitter Components. It can be seen from the description of the 
block diagrams of the a-m and f-m transmitters that most of the com¬ 
ponents are some form of either oscillator or amplifier circuits. A power 
supply, although not shown on the block diagrams, is also required to 
provide the necessary operating voltages for the tubes. The character¬ 
istics and operating principles of all the components with the exception of 
the r-f power amplifier (see Art. 13-5) have been presented in detail in 
the previous chapters of this text. 

13-6. Radio-frequency Power Amplifier Circuits. Class C Operation. 
Because of the relatively large amount of power required by a radio 
transmitter it is desirable that the overall efficiency of the unit be as high 
as it is practicable to obtain. A Class C amplifier operates with a grid 
bias that is greater than the value required to produce cutoff (see Fig. 
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7-1). The plate current flows for appreciably less than one-half of each 
input cycle and is zero for the remainder of the cycle. The eflSciency for 
Class C operation of amplifiers is therefore higher than for either Class A 
or Class B operation. It is possible to design a Class C amplifier having 
an eflSciency of 75 per cent as compared to approximately 25 per cent for 
Class A operation. Because of this high efficiency, r-f power amplifiers 
as used with transmitters are generally operated Class C. In order to 
obtain maximum efficiency the relation between the grid bias and the 
peak value of the input signal should be such that positive plate current 
saturation will occur during a portion of each positive half of the input 
cycle. An approximate value of the grid bias required to produce maxi¬ 
mum efficiency can be obtained by adding 25 to 50 per cent of the peak 
value of the input voltage to the minimum value of grid bias required to 
produce cutoff. 

Class C Amplifier Circuits. Since current flows in the plate circuit of 
a Class C amplifier for only a portion of each input cycle, and also because 
the grid of a Class C amplifier tube used for r-f power amplification in a 
transmitter is driven positive during a portion of each input cycle, the 
output current for this type of amplification will be distorted. In trans¬ 
mitting circuits the r-f amplifier operates at a fixed frequency with a tuned 
circuit as the plate circuit load (see Figs. 13-10 to 13-14). When the 
plate circuit is tuned to the frequency of the input signal applied to the 
grid circuit of the tube, the amplifier may be operated as Class C without 
producing distortion. Because of the properties of parallel resonant 
circuits (see Art. 10-8), the r-f circulating current in the plate tank circuit 
will have an undistorted wave form. 

Since the tank circuit is tuned to the same frequency as the input 
signal applied to the grid, the plate load will be resistive and thus the 
plate current will be maximum when the plate voltage is at a minimum. 
The plate dissipation of the tube will also be low which is another reason 
for the high efficiency of Class C amplifiers. 

Radio-frequency Amplifier Tubes. The low power output vacuum 
tube designed for radio receiver application can also be operated as a 
Class C r-f power amplifier when the output required is only a few watts. 
When larger amounts of power are required vacuum tubes having a 
larger power output must be used. The amount of power that a tube can 
deliver is determined by (1) the electron emission of the cathode, (2) the 
amount of voltage that can safely be applied to the plate, (3) the amount 
of power that can be dissipated within the tube without overheating. 
In order to obtain the large amount of electron emission required for r-f 
power tubes, a correspondingly larger cathode is used. Ample insulation 
must be provided between the tube’s electrodes so that a high plate 
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voltage can be applied. To provide for ample power dissipation of air¬ 
cooled vacuum tubes, the size of the glass envelope and the plate elec¬ 
trodes are increased correspondingly. When the power output required 
is very large, vacuum tubes are constructed to permit the circulation of 
water around the plate during operation of the tube. Transmitting tubes 
can be obtained in various sizes capable of delivering an output power of 
one watt to hundreds of watts. 

13-6. Methods of Producing Amplitude Modulation. Types of 
Modulation, The process of modulation, that is, changing the wave form 
of the carrier by adding the signal to it, is accomplished by means of 
vacuum-tube circuits. There are several methods of using a vacuum 
tube and its associated circuits to produce amplitude modulation. In 
the method most generally used the modulating signal is applied to the 
plate circuit of an r-f amplifier tube; this method is called plate modulation. 
Another method is to apply the modulating signal to the control grid 
circuit of an r-f amplifier tube; this method is called grid modulation. In 
still another method the modulating signal is applied simultaneously to 
both the control grid and plate circuits of an r-f amplifier tube, thereby 
varying the cathode current; this method is called cathode modulation. 

Low-and High-level Modulation. Modulation may be accomplished in 
any stage of the r-f amplifier system. The methods of modulation may 
therefore be further classified according to the level of the modulating 
signal used, namely, low-level and high-level modulation. 

In low-level modulation the modulating signal is added to the carrier 
wave in one of the low-power r-f amplifier stages. The main advantage 
of this system of modulation is that very little a-f power is required. The 
a-f amplifier may therefore consist of only a few stages of low-level ampli¬ 
fication. A disadvantage of this system of modulation is that in order 
to avoid distortion of the modulated signal all stages of amplification 
following the modulating amplifier must be linear. As high efficiencies 
are usually not obtained from linear amplifiers, the efficiency of a trans¬ 
mitter using low-level modulation is comparatively low. 

In high-level modulation the modulating signal is added to the carrier 
wave in the final r-f amplifier stage. The main advantage of this system 
of modulation is that the r-f amplifiers preceding the modulating amplifier 
do not have to be linear. Since high-gain amplifiers can be used in each 
r-f stage of amplification in this system of modulation, the efficiency of a 
transmitter using high-level modulation is comparatively high. A dis¬ 
advantage of this system of modulation is that high a-f power is required 
and a number of stages of a-f amplification must be used. 

Grid Modulation. In this method of modulation the output of an 
a-f amplifier is used to vary the grid bias of an r-f Class C ampUfier, thus 
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causing the r-f output to be modulated in accordance witli the a-f signal. 
Because modulation is accomplished by varying the grid bias of a tube, 
this method is also called grid-bias modidalion. 

A circuit for producing grid modulation is shown in Fig. 13-10. The 
r-f excitation voltage is coupled to the grid of the modulated amplifier 
tube VTi by means of the transformer Ti, The a-f signal output from the 
modulator tube V7\ is coupled to the grid of VTi, in series with the 
operating bias of the C battery, by means of transformer Tz, Capacitor 


Modulated amplifier 



Modulator 

Fig. 13-10.—Basie eircuit for obtaining grid modulation. 


C 2 is used to keep the r-f excitation voltage out of the a-f circuit. The 
modulated output is coupled to the next amplifier stage or to the antenna 
by means of transformer 7 ^ 2 . 

An advantage of grid modulation is that only a small amount of 
power is required to modulate the carrier wave of a transmitter having a 
comparatively high power output. 

Plate Modulation. In this method of modulation the output of an 
a-f amplifier is applied to the plate of an r-f amplifier tube, thus causing 
the r-f output to be modulated in accordance with the a-f signal. Because 
modulation is accomplished by varying the plate voltage of a tube this 
method is called plate modulation. 

There are various methods of obtaining plate modulation. One 
method commonly used is the Heising system. The basic circuit diagram 
for this system of modulation is shown in Fig. 13-11. The r-f carrier 
signal is applied to grid of the modulated amplifier tube VTi, and the 
a-f output from the modulator tube VT 2 is coupled to the plate of VTi 
by means of the a-f choke coil L 4 . The blocking capacitor Ci is used to 
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prevent the plate supply from being short-circuited. The r-f choke Li 
isolates the r-f signal from the plate supply. Resistor Ri serves as a 
voltage-dropping resistor so that the modulated amplifier tube will 
operate at a lower plate voltage than the modulator tube. Capacitor 
Czy which is shunted across the plate voltage-dropping resistor, provides 
a path for the a-f variations in current. Without this capacitor a large 
portion of the a-f signal voltage would be absorbed by the plate voltage¬ 
dropping resistor, thus producing distortion. C^apacitor C 2 and the 


Moduhfed amplifier 



primary winding L 2 of the output transformer Ti form the tank circuit, 
which is tuned to the carrier frequency. 

The operation of this circuit is explained in the following manner. 
Both the modulator and the r-f amplifier tubes receive their plate supply 
voltage from a common source of power. With zero a-f signal, the r-f 
voltage applied to the grid of VTi causes an r-f current to circulate in the 
plate tank circuit C 2 L 2 . When an a-f signal is applied to the grid of V2\ 
the plate current of this tube will increase and decrease in accordance with 
the input signal. However, the high inductance of the a-f choke coil Li 
opposes any change in the amount of the current flowing through it and 
hence tends to keep the amount of current drawn from the B power supply 
at a constant value. Because of the action of the a-f choke coil this 
system of modulation is also referred to as the constant current system. 
Since the plates of both tubes are supplied from a common source of 
power, whose current remains practically constant, the plate current 
output of VT 2 can only vary if the plate current of VTi is also varied. 
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Hence when the a-f input cycle swings negative the plate current of VT 2 
decreases, causing the plate current of VTi to increase, and when the a-f 
input cycle is positive the plate current of Fr 2 will increase, causing the 
plate current of VTi to decrease. It can thus be seen that when a signal 
is applied to the input circuit of the modulator tube the plate current of 
the modulated amplifier tube and the r-f current in the tank circuit C 2 L 2 
will then be modulated in accordance with the frequency and amplitude 
of the a-f signal applied to the modulator tube. 

In order to reduce the distortion to a minimum the modulator tube 
should be operated as a Class A audio amplifier. The modulated ampli¬ 
fier tube should be operated as Class C with a grid bias ecjual to approxi¬ 
mately twdce the value required to produce cutoff. A high percentage of 
modulation is obtained by operating the modulated amplifier tube at a 
lower plate voltage than the modulator tube. For proper operation of 
the modulated amplifier the circuit should be adjusted so that the r-f 
current in the plate tank circuit varies directly with changes in its plate 
voltage. Thus if the plate voltage is increased to twice its normal value 
the tank curreht should double, and if the plate voltage is decreased to 
one-half its normal value the tank current should decrease to one-half its 
normal value. With 100 per cent modulation the peak value of the 
modulating voltage and the plate voltage of the modulated amplifier tube 
(with zero modulation) are equal. For 100 per cent modulation the 
modulating power mil be equal to one-half the power supplied by the 
plate voltage source. The power that the modulator is required to deliver 
becomes exceedingly high for high-power-output r-f amplifiers, which is 
one of the disadvantages of plate modulation. However, because of the 
high overall efficiency obtainable with plate modulation it is the method 
most generally used. 

13-7. Interstage Coupling. Types of Coupling. The transfer of 
energy from one vacuum-tube stage to another is accomplished by means 
of interstage coupling. For maximum efficiency, the transfer of energy 
should be accomplished with a minimum amount of loss,* a minimum 
amoimt of loading of the driver stage, and a minimum amount of extra¬ 
neous interaction between stages. By proper impedance matching, the 
energy loss and the loading of the driver stage can be reduced to a mini¬ 
mum. The extraneous interaction between stages can be reduced by 
minimizing the amount of stray electrostatic coupling. In a transmitter, 
the transfer of energy from one vacuum-tube stage to another may be 
accomplished by capacitive, impedance, or link coupling. 

Capacitive Coupling. With capacitive coupling the voltage developed 
across a capacitor is used to drive the grid of the following stage. An 
example of the use of this type of coupling is shown in Fig. 13-12. In 
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this circuit, the voltage developed across the tank circuit will divide 
across the capacitors Ci and C 2 in proportion to their reactances. The 
voltage developed across C 2 drives the grid of VT 2 and thus the amount of 
grid excitation voltage for VT 2 can be increased by decreasing the capaci¬ 
tance of C 2 . Any change in the capacitance of only C 2 will cause a change 
in the resonant frequency of the tank circuit, hence for any decrease in 
the capacitance of Co a corresponding increase must also be made in the 


Driver Amplifier 



Fig. 13-12.—An example of capaoitive coupling. 
Driver Amplifier 



Fig. 13-13.—An example of impedance coupling. 

capacitance of C\, An advantage of this method of coupling is that with 
the proper adjustment of these two capacitors it is possible to provide a 
continuous variation in load. Furthermore, the variable adjustment of 
the grid excitation voltage is also an advantage of this method of coupling. 

Impedance Coupling. An example of impedance coupling is shown 
in Fig. 13-13. In this circuit, the plate voltage of the driver tube is 
isolated from the grid of the amplifier tube by means of the blocking 
capacitor Ci. The amount of grid excitation can be adjusted by moving 
the tap on the plate tank coil Li. Moving the tap on this coil can also 
be used as a means to provide for proper impedance matching. Because 
of its simplicity, this method of coupling is used extensively in trans¬ 
mitter circuits. However, because of the extraneous capacitance of 





594 


ESSENTIALS OF RADIO 


[Art. 13-8 


the circuit elements a practical LC ratio of the tank circuit cannot be 
used at high frequencies. 

Link Coupling, A method commonly used to couple vacuum-tube 
stages at the higher frequencies is called link coupling. An example of 
this method of coupling is illustrated in Fig. 13-14. Link coupling 
requires the use of two tuned circuits, one in the plate circuit of the 
driver tube and the other in the grid circuit of the amplifier tube. A 
low-impedance line having a coil with one or two turns at each of its 

Driver Amplifier 




Fig. 13-14.— An example of link coupling. 


ends is used to couple the plate and grid tuned circuits. This type of 
coupling has many advantages, among which are: ( 1 ) there is no need of 
tapping the grid or plate inductors, as the amount of grid excitation can 
be adjusted by varying the coupling between Li and Lz or Lz and L 4 ; 
( 2 ) because of the low-impedance line connecting coils Lz and Lz the two 
stages may be separated from each other by an appreciable distance; (3) 
separate parts of the transmitter may be constructed as individual units 
without having to use long leads at high r-f voltages; (4) series feed may 
be used in both the grid and plate circuits; (5) interaction between stages 
is reduced considerably; ( 6 ) the effects of the tube capacitances on the 
LC ratio can be reduced to a minimum. 

13-8. Amplitude-modulated Transmitter. A portable a-m trans¬ 
mitter that can be operated from either a 6 -volt battery or a 116-volt 
a-c line is illustrated in Fig. 13-15. The circuit diagram for this trans¬ 
mitter is shown in Fig. 13-16. The vibrator-type power transformer T\ 
may be used with either 6 volts d-c or 116 volts a-c. The heater voltage 
is obtained from the battery with d-c operation, and from a secondary 
winding of the transformer T\ with a-c operation. When the transmitter 
is operated from a battery switch Si controls the heater circuit and 
switch Si controls the vibrator circuit. When the transmitter is operated 
from an arC power line, switch Si is closed and the complete power supply 
is then controlled by switch St. Full-wave rectification is obtained by 
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means of the center-tapped secondary of the power transformer Ti and 
the 6W5-G rectifier tube. Filtering of the B power supply is accom¬ 
plished by use of the capacitor-input pi-type filter circuit. A source of 
high direct voltage is made available at the terminal board A by means 
of the spdt switch Sz. For transmitter operation this switch should be 
in position 1. When this switch is in position 2, the plate voltage is 
removed from the transmitter tubes and is made available at the terminal 
board A, Between transmissions, currents up to 100 ma may be drawn 
from the power source to supply the high voltage for operating a receiver 
or other auxiliary equipment. 

A regenerative-type crystal-controlled oscillator circuit employing 
a 6V6-G tube is used to produce the carrier wave. The r-f power ampli¬ 
fier is plate modulated and uses an 807 tube. In the a-f section, two 
stages of amplification using resistance-capacitance coupling and 6J7 
tubes are used to increase the microphone output sufficiently to drive 
the Class A operated 6V6-G modulator tube. The final tank circuit is 
connected in the plate circuit of the r-f power amplifier and consists of 
the two capacitors, Cio and Cn, and the coil L 2 . The degree of loading, 
as determined by the antenna used, can be adjusted by varying the 
capacitors Cio and Cn. Decreasing the capacitance of capacitor Cn 
increases the load. The milliammeter and the dpdt switch Si provide a 
means of reading the plate current of either the oscillator or the r-f 
power amplifier tubes. 

13-9. Methods of Producing Frequency Modulation. Types of 
Modulation. In frequency modulation the a-f signal is applied to the 
transmitter circuit in such a manner that it causes the frequency of the 
output wave to vary in proportion to the amplitude of the a-f signal and 
at a rate corresponding to the frequency of the a-f signal. There are 
two methods of producing frequency modulation in general use, namely, 
the Crosby system and the Armstrong system. The characteristics of the 
output wave are the same for both methods of modulation. 

The Crosby system employs the reactance-control or reactance-tube 
modulator method of frequency modulation, in which the frequency- 
modulated wave is produced directly by connecting the modulator tube 
in the oscillator circuit. As the frequency of the oscillator is varied by 
the amplitude of the input signal, a crystal-controlled oscillator cannot 
be used at this stage. It is therefore necessary to employ some indirect 
means of maintaining the center or resting frequency at a constant value. 

The Armstrong system employs the balanced modulator method of 
frequency modulation in which the frequency-modulated wave is pro¬ 
duced indirectly by means of phase modulation. This method actually 
uses phase modulation to ultimately achieve frequency modulation. 



598 


ESSENTIALS OF RADIO 


[Abt. 13-9 


The operation of this system is based upon the principle that any shift 
in phase will he accompanied by a momentary change in frequency. In 
the Armstrong system the oscillator supplies a standard frequency, which 
is fed to the modulator where it is modulated by the a-f signal. Side 
bands are produced, which are then shifted in phase with respect to the 
carrier wave. The side bands and the carrier are then combined to 
produce the frequency-modulated wave. The carrier frequency is 
obtained directly from a crystal-controlled oscillator, and hence it is not 
necessary to employ any indirect means for its stabilization. 

Reactance-tube Modulator. The purpose of a reactance modulator 
is to vary the r-f output of the oscillator circuit in accordance with the 


Tank Osc/Thfor 
ctrcuiT tube 



Fig. 13-17.—Principle of the reactance modulator. 


amplitude and frequency changes of the a-f input signal. This is accom¬ 
plished by connecting a variable-reactance circuit, called a reactance 
modulator, in parallel with the tank circuit of the oscillator as shown in 
Figs. 13-17 and 13-18. The a-f voltage applied to the reactance modu¬ 
lator will cause the resonant frequency of the tank circuit to vary in 
accordance with the instantaneous variations of the a-f signal. As the 
impedance of a circuit having a reactive component will vary with the 
applied frequency, there are many types of reactance modulator circuits. 
The type most generally used is the reactance-tube modulator circuit. 

The circuit diagram of a reactancertube modulator is shown in Fig. 
13-18. The oscillator circuit consists of the vacuum tube VT\, the tank 
circuit LiCs, the grid-leak resistor R^, and the grid capacitor Cs. The 
modulator tube VT 2 is connected across resistor Ri and capacitor C 2 . 
The series circuit R 1 C 2 is thus connected in parallel with the internal 
resistance (plate-to-cathode) of VT^ to form a simple phase shifting 
circuit, which is connected across the oscillator tank circuit. Capaci¬ 
tor Ci provides a path for the a-f current and also serves to block the d-c 
plate voltage. 

In order for the current in the RxCt circuit to be in phase with the 
voltage across the tank circuit, the resistance of R\ is made much higher 
than the reactance of (^ 2 . The voltage across will thus lag the current 
in this circuit by 90 degrees. This voltage is applied to the input circuit 
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of the modulator tube by means of capacitor Ci. Since the output cur¬ 
rent of a tube is always in phase with its input voltage, the current through 
the modulator tube lags the voltage across the tank circuit by 90 degrees. 
Vacuum tube VT^ thus acts in the same manner as an inductor. Since 
the tube VT^ and the inductor Li are connected in parallel their effective 


OscHfctfor Modulator 



Fig. 13-18.—Ciromt diagram of a reactance-tube modulator. 

Ca RFC 



Fig. 13-19.—A reactance-tube modulator circuit using a type 6L7 tube. 


inductance will always be less than the value of the smallest inductance. 
Although the inductance of Li is relatively constant, the effective induc¬ 
tance of VT2 will vary as the voltage on the grid of the tube is varied. 
When an a-f voltage is applied to the grid of VTt the frequency of the 
oscillator circuit will thus be modulated in accordance with the amplitude 
and frequency variations of the a-f voltage. 

Frequency modulation may also be obtained by having the tube act 
as a capacitor. This can be accomplished by mfiking the capacitive 
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reactance of C 2 much higher than the resistance of Ri, The voltage 
across Hi is then applied to the grid of VT 2 - A single tube such as the 
6L7 may be used in place of both the oscillator tube VTi and the modula¬ 
tor tube VT 2 j as is shown in Fig. 13-19. 

The reactance-tube modulator is a comparatively simple and effective 
means of producing frequency modulation. Unlike amplitude modula¬ 
tion, the speech amplifier is not required to deliver any power and its 
output voltage need only be relatively small, being less than 20 volts. 

Balanced Modulator, The purpose of the balanced modulator is to 
convert the amplitude modulations of the a-f signal into side bands of the 
oscillator voltage so that they can be used to produce phase modulation. 
A 90-degree phase shifter generally forms an integral part of the balanced 
modulator circuit. Before analyzing the functions of the various compo¬ 
nents of the balanced modulator circuit of Fig. 13-21, it will be of advan¬ 
tage first to obtain an overall picture of how phase modulation (and 
ultimately frequency modulation) is obtained. From the block diagram of 
Fig. 13-23 it can be seen that modulation takes place at the combining 
amplifier, where a voltage from the oscillator, buffer amplifier and the 
90-degree side-band components are combined to produce a phase- 
in the vector diagram of Fig. 13-20 the vector Eo 
is a constant-amplitude voltage supplied to the com¬ 
bining amplifier by the buffer stage. Vectors Ei 
and E 2 are the side-band voltages supplied to the 
combining amplifier by the side-band amplifier; the 
magnitude and instantaneous direction of these volt¬ 
ages depend upon the amplitude and the instanta¬ 
neous polarity of the a-f signal. Vectors Eo and 
Eo" represent the resultant voltage after being com¬ 
bined in the combining amplifier. The angles d' 
and indicate the degree of phase modulation as 
a result of adding the side bands to Eo. From this 
vector diagram it can be seen that phase modulation can best be obtained 
by combining voltages with a 90-degree phase displacement and that when 
Eo is constant the amount of phase modulation is dependent upon the 
magnitude of the modulating voltages Ei and E 2 . 

The circuit diagram of a balanced modulator is shown in Fig. 13-21. 
Tubes VTi and VT 2 should have identical characteristics and are oper¬ 
ated with the same values of operating voltages. The two control grids 
are connected in parallel and are excited by the oscillator signal. The 
screen grids of these two tubes are connected in push-pull and are excited 
by the a-f modulating signal. The plates are connected so that the plate 
currents of the two tubes will flow Itoough the two halves of the primary 


modulated output. 

K 



Fig. 13-20.—Vector 
diagram illustrating the 
manner in which phase 
modulation is obtained. 
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winding of the transformer T 2 , in opposite directions. With zero a-f 
signal, the currents in Li and L 2 will be equal and as they flow in opposite 
directions in the two halves of the primary winding of T 2 the circuit will 
thus be balanced and the net induced voltage at the terminals of the 
secondary Lz will be zero. When an a-f signal is applied, the screen-grid 
voltage on one tube increases and that on the other decreases by an 
amount proportional to the a-f signal. Since the voltages on the screen 
grids are no longer equal, the currents in the two plate circuits will no 
longer be equal and a voltage will now be present at the terminals of La. 

Balanced modulator Sideband amplifier 



Fig. 13-21.—Balanced modulator, 90-degree phase-shifting network, buffer amplifier, and 

side-band amplifier. 

As the side-band voltage must be 90 degrees out of phase with the oscil¬ 
lator voltage in order to readily produce phase modulation, a 90-degree 
phase shift is introduced at the transformer T^. The 90-degree pWse 
shift is accomplished at T, by adding capacitors Cs and Ce, thus making 
the transformer winding sections Li and L* part of a tuned circuit. With 
the LiCi and LtCt circuits resonant to the oscillator frequency, the cur¬ 
rents in Li and L, will be in phase with the oscillator voltage. As the 
induced voltage at the secondary of a transformer is 90 degrees out of 
phase with the primary (magnetizing) current, the voltage at the ter¬ 
minals of I/I will be 90 degrees out of phase with the oscillator voltage. 
It should now be evident that the balanced modulator circuit of Fig. 13-21 
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will produce 90-degree side-band components (similar to Ei and E 2 of 
Fig. 13-20) that will vary in magnitude in accordance with the a-f modu¬ 
lating signal and at a rate corresponding to the frequency of the a-f 
signal. It should be observed here that the 90-degree phase shift could 
have been introduced at a number of other points in the circuit, hence 
this is only one of the various types of phase shifting methods. 

13-10. Frequency-modulated Transmitters. Crosby System. The 
fundamental principles of operation of an f-m transmitter employing the 
Crosby system can be seen from a study of the block diagram of Fig. 13-22. 
With zero a-f signal, oscillator 1 provides an r-f signal whose frequency is 
only a fraction of the final output frequency value. When an a-f signal is 
introduced at the microphone it is passed on to a speech amplifier, where 



Fia. 13>22.—Block diagram of a frequency-modulated transmitter employing the reactance 

tube method of modulation. 


the a-f signal is increased in strength. After being amplified, the signal is 
fed into the reactance-tube modulator circuit, where it is used to modu¬ 
late the frequency of oscillator 1. In order to obtain a high quality of 
modulation it is considered good practice to limit the frequency deviation 
produced at the point of modulation to approximately 10.kc. Conse¬ 
quently, in order to obtain the ultimate desired 75-kc frequency deviation 
it is necessary to feed the output of the reactance modulator circuit into a 
frequency multiplier stage. For example, in order to obtain a 75-kc fre¬ 
quency deviation at the output when the deviation produced at the point 
of modulation is 7.5 kc, a frequency multiplication of 10 is required. 
With a multiplication factor of 10 it is apparent that in order to obtain a 
final center frequency value of 100 me, the frequency of oscillator 1 must 
be 10 me. The output of the frequency multiplier is passed on to the r-f 
power amplifier, where the modulated signal is brought up to the desired 
strength before applying it to the antenna to be broadcast. 
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Because the output of oscillator 1 is frequency modulated and hence 
cannot be crystal controlled, it is necessary to add a frequency stabilizing 
circuit to prevent excessive drift of the center frequency value. The 
stabilizing circuit consists of oscillator 2, the mixer, i-f amplifier, and the 
discriminator. The operation of this circuit is as follows. A portion of 
the output of the frequency multiplier is combined by heterodyne action 
in the mixer stage (see Art. 14-7) with the crystal-controlled output of 
oscillator 2 to produce a comparatively low intermediate frequency. 
This signal is then amplified and fed into the discriminator (see Art. 
14-17), which converts the frequencj^-modulated signal into an a-f signal. 
The a-f output of the discriminator is then fed into the reactance-tube 
modulator in series with the output from the speech amplifier in such a 
manner as to correct the tendency of any frequency drift of the center 
frequency value of oscillator 1. 

Armstrong System, The fundamental principles of operation of an 
f-m transmitter employing the Armstrong system can be seen from a 
study of the block diagram of Fig. 13-23. Oscillator 1 supplies a compara¬ 
tively low value of frequency to a buffer amplifier and its output is crystal 
controlled. A low value of frequency must be used because the fre¬ 
quency deviation produced by the phase-modulation method is very 
small. In the block diagram illustrated, the value of the oscillator fre¬ 
quency is 200 kc and the maximum original frequency deviation is 10 
cycles. The buffer amplifier supplies voltage to both the combining 
amplifier and the balanced modulator. When an a-f signal is introduced 
at the microphone it is passed on to an audio amplifier and a correcting 
network. The audio amplifier increases the strength of the signal and 
the correction network, which merely consists of one or more resistors 
and capacitors, is used to make the amplitude of the a-f signal vary 
inversely with the signal frequency before applying the a-f signal to the 
modulator. The ultimate purpose of the correction network is to change 
phase modulation to frequency modulation. By applying the corrected 
a-f signal to the balanced modulator and 90-degree phase shifter the side¬ 
band components are produced. The side-band amplifier increases th^ 
amplitude of the side-band components to the value required to produce 
the proper amount of phase modulation, usually not to exceed 30 degrees. 
The output of the combining amplifier will be a frequency-modulated 
signal whose center frequency is 200 kc and whose frequency deviation is 
10 cycles. In order to increase the original frequency deviation of 10 
cycles to the ultimate desired value of 75 kc requires a frequency multi¬ 
plication of 7600. Therefore the output of the combining amplifier must 
be fed through one or more stages of frequency multiplication. However, 
if the same amoui^t of multiplication is applied to the center frequency its 
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value will be increased to 1500 me, which is much higher than the 88-100 
me band assigned to f-m broadcast transmitters. This condition is 
correctc'd by placing a frequency converter between two multiplier stages. 
At the first multiplier stage the center frequency and the frequency devia¬ 
tion are increased 100 times, hence at the otitput of this stage the center 
frequency will be 20 me and the deviation will be 1000 cycles. The 
signal is then fed into a frequency converter (see Art. 14-7), where it is 
heterodyned with the 18.7-mc output of the crystal-controlled oscillator 
2 . The frequency converter reduces the center frequency but does not 
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Fia. 13-23.- 


-Block diagram of the Armstrong system for a frequency-modulated trans¬ 
mitter. 


affect the deviation. Thus the output of the frequency converter will 
have a center frequency value of 1.3 me and a frequency deviation of 1 kc. 
This signal is then fed into a multiplier stage, which produces a multipli¬ 
cation factor of 75 times. At the output of this stage the center fre¬ 
quency will have a value of 97.5 me and a frequency deviation of 75 kc. 
The output of this stage is passed on to the r-f power amplifier, where the 
modulated signal is brought up to the desired strength before applying it 
to the antenna to be broadcast. 

13-11. Antennas. Requirements of the Antenna. A single conductor, 
or system of two or more conductors, used for radiating or receiving 
radio waves is called an antenna. At a transmitting station the antenna 
is used to radiate radio waves while at a receiving station it is used to 
receive radio waves. Antennas possess the same electrical character¬ 
istics as a tuned circuit and thus will resonate at a definite frequency. 
As an antenna is used to couple either a transmitter or a receiver to space, 
the most effective transmission or reception is obtained when the antenna 
is designed to resonate at the s^nal frequency. The eflBiciency, fre¬ 
quency, and directional characteristics of an antenna will be the same 
whether it is used for radiating or receiving radio waves. An antenna 
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used with a transmitter to radiate a signal at a definite frequency will 
operate equally well as a receiving antenna for a signal of the same fre¬ 
quency. As a transmitter should send out the greatest possible amount 
of energy, it is important that the antenna used with the transmitter 
be designed to couple the greatest amount of energy into its circuit. 
Because of the high sensitivity of modem broadcast receivers, the antenna 
used with receivers is usually not given much attention. 

Princi'ple of the Antenna. An alternating current flowing through a 
conductor produces an alternating magnetic field in the space surrounding 



Fig. 13-24.—Illustration of the relations among the electric field, magnetic field, and the 
direction of current, (o) Viewed along the conductor, (6) end view. 

the conductor. I£ a second conductor is placed in this space, the mag¬ 
netic lines of force will cut it and a voltage will be induced in the second 
conductor. The value of the induced voltage will be dependent upon the 
strength of the magnetic field and the frequency with which the magnetic 
lines of force cut the conductor. Because the strength of the magnetic 
field about the second conductor is less than that around the first con¬ 
ductor, a difference of potential will exist between the two conductors. 
Because of this difference of potential an electric field is also set up 
between the two conductors. Electric and magnetic fields in motion are 
always associated with one another and the two fields combined are 
called an electromagnetic field. Both fields contain equal amounts of 
energy, are at right angles to each other, and also at right angles to the 
flow of current. The relation between the magnetic field, the electric 
field, and the current flow is shown in Fig. 13-24. 
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If the first conductor is replaced by a transmitting antenna and the 
second conductor by a receiving antenna, the two antennas may be con¬ 
sidered in the same manner as the primary and secondary windings of an 
r-f transformer. Because of the large distance between the two antennas, 
the coupling between them is very low, and in order to have any appre¬ 
ciable amount of voltage induced in the receiving antenna a high current 
must flow in the transmitting antenna. The r-f energy in the trans¬ 
mitting antenna produces radio waves consisting of electric and magnetic 
fields in the same manner that the alternating current produces these 
fields about a conductor. 

Radiation, The flow of alternating current in an antenna causes the 
electromagnetic field produced about the antenna to alternately expand 
and contract. As a certain finite time is required for the electromagnetic 
field to expand and contract, a new expanding field will be produced by 
the second half cycle of alternating current before the electromagnetic 
field produced by the first half cycle has had time to collapse completely. 
Thus part of the original field does not return to the conductor but is left 
suspended in space. The portion of the electromagnetic field that 
remains in space is called the radiation field and that portion that returns 
to the conductor is called the indwtion field. 

The radiation field is pushed away from the conductor by the new 
expanding field because each new field has a polarity opposite that of its 
preceding field. With each succeeding cycle of alternating current more 
sections are added to the radiation field, thus causing each previous 
section to be pushed farther away from the antenna and out into space. 
The ratio between the radiation and induction fields increases directly 
with the frequency and thus the higher the frequency of the alternating 
current the greater will be the ratio between these two fields. For most 
effective transmission, it is desirable that this ratio be as high as it is 
practicable to obtain, hence the current fed into the antenna should be 
of a high radio frequency. 

Radiation Resistance. In order to effectively radiate radio waves 
into space it is necessary to use a circuit that does not confine the radia¬ 
tion field to the immediate vicinity of the antenna. It has been found 
that a large portion of the energy fed into an antenna will be radiated 
when an open oscillatory circuit having its inductance and capacitance 
distributed over a large area is used. This principle can be shown by the 
following experiment. 

A simple oscillator circuit is used as a transmitter to produce a 6-mc 
(60-meter) output that is coupled to two wires approximately 15 meters 
long and 1 foot apart (see Fig. 13-25). Capacitor Cz is adjusted so that 
the current in the antenna circuit as indicated by the ammeter A is at 
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its maximum value. This maximum value of antenna current should be 
simultaneously adjusted to a small fraction of the rated current of the 
oscillator by means of the potentiometer R\. A receiver is placed near 
the transmitter and the strength of the output signal of the receiver is 
noted. The ends of the two conductors are then moved from positions 
A \ and Bi to positions A 2 and Moving the two conductors changes 

their inductance and capacitance and it is therefore necessary to readjust 
capacitor Cz in order to obtain the maximum current in the antenna 


Ao 



B3 


Fiq. 13-25.—Circuit for demonstrating the effect of radiation resistance. 

circuit. It will be noted that this maximum value of current is less than 
that obtained when the ends of the two conductors were at positions Ai 
and Bi, This current should now be increased to its original value by 
adjusting potentiometer Ri, which increases the power output of the 
oscillator. It will now be noted that when the current in the antenna 
circuit is adjusted to its original maximum value the strength of the 
signal piclced up by the receiver has increased. Reduce the strength of 
the output signal of the receiver to its original value by changing the 
position of the receiver but not varying its volume control. It will be 
noted that in order to reduce the strength of this signal to the original 
value, the receiver must be moved farther away from the transmitter. 
Moving the ends of the two conductors from positions A 2 and B 2 to posi¬ 
tions Az and Bz will further decrease the maximum value of the current 
flowing in the antenna circuit and the potentiometer Ri must be read¬ 
justed to have the oscillator supply additional power. It will also be 
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noted that in order for the strength of the signal picked up by the receiver 
to be the same as the original value, the receiver must be moved still 
farther away from the antenna. 

The conclusions that may be drawn from this experiment are: (1) when 
the ends of the two conductors are moved farther apart, more power 
must be supplied by the oscillator in order to maintain the current in the 
antenna circuit at a constant maximum value, hence the resistance of the 
antenna circuit increases as the ends of the two conductors are moved 
apart; (2) the greatest resistance will be obtained when the ends are 
diametrically opposite to each other; (3) the useful part of this resistance, 
called the radiation resistance^ will be greatest when the ends of the two 
conductors are diametrically opposite to each other. 

13-12. The Fundamental Antenna. Characteristics. The operation 
of all types of antennas, no matter how simple or complex their construc¬ 
tion, is based upon the principles of the fundamental antenna. The 
fundamental antenna consists of a single wire whose physical length is 
equal to approximately one-half the wavelength of the signal to be trans¬ 
mitted. Because of the capacitance effect that exists at the ends of an 
antenna the length of the fundamental antenna is made slightly less than 
one-half the wavelength of the signal to be transmitted. This difference 
is about 4 per cent for the broadcast frequencies and increases slightly as 
the frequency of transmission is increased. A convenient equation for 
computing the length of the fundamental antenna may be obtained by 
dividing Eq. (1-2) by two, converting the length in meters to feet, and 
converting kilocycles to megacycles. 

I = (13-9) 


where I = length of the antenna, feet 
k = correction factor 
/ = frequency, megacycles 

for frequencies less than 3 me. A- = 0.96 

for frequencies of 3 me to 30 me. k == 0.95 

for frequencies above 30 me. k = 0.94 


Any conductor has distributed throughout its length the fundamental 
characteristics of inductance, capacitance, and resistance. Thus for 
every length of wire there is a resonant frequency at which the reactances 
are equal and the current flow (circulating current) is at a maximum. 
An antenna being a conductor is subject to these same characteristics 
(see Art. 3-3 and Figs. 3-6 and 3-7). An antenna is thus an open oscil¬ 
latory circuit and functions in accordance with the principles of parallel 
rescmance in the same manner as a coil and capacitor. 
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Standing Waves. Tlie energy radiated by an antenna is dependent 
upon tlie amount of current in the antenna conductor and hence will be 
greatest when the antenna current is the highest. In a properly designed 
antenna, the current at one or more points along the length of the con¬ 
ductor is increased beyond the amount produced by the transmitter by 
setting up standing waves of current. The manner in which standing 
waves are produced is presented in 
the study of transmission lines (Art. 

13-14). 

Voltage and Current Distribution 
along the Fundamental Antenna. 

Standing waves of current and volt¬ 
age will be produced on the funda¬ 
mental or half-wave antenna in such 
a manner as to cause the current to 
be maximum at the center of the 
antenna and practically zero at the 
two ends. The voltage distribution 
will be just opposite, being practi¬ 
cally zero at the center and maxi¬ 
mum at both ends. Figure 13-26 
shows the voltage and current distri¬ 
bution along a half-wave antenna. The pomts at which the current and 
voltage are at their minimum are called nodes and the points where the 
current and voltage are at their maximum are called loops or antinodes. 

Because the inductance, capacitance, and resistance of an antenna are 
distributed over its entire length, rather than being concentrated at any 
one point, the fundamental antenna will also resonate at frequencies that 
are integral multiples of the fundamental frequency. The fundamental 
antenna can therefore be operated at harmonics of its fundamental fre¬ 
quency. The current and voltage distribution for harmonic operation 
of the fundamental antenna is illustrated in Fig. 13-27. From this figure 
it can be seen that there are two standing waves for second harmonic 
operation and three standing waves for third harmonic operation. It 
can also be noted that the number of points where the current is at a 
maximum also corresponds to the order of the harmonic. The funda¬ 
mental antenna thus operates as a full-wave antenna for the second har¬ 
monic and as a three-half-wave antenna for its third harmonic. 

Impedance of the Antenna. The impedance of the antenna is deter¬ 
mined by the values of the standing waves of voltage and current and is 
equal to the ratio of the voltage to the current. Referring to Figs. 13-26 
and 13-27, it can be seen that the impedance along the length of an 
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Fig. 13-20.— Distribution of the cur¬ 
rent and voItHRO alonfi; a fundamental or 
half-wave antenna. 
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antenna is not a constant value but varies along its length. In the case 
of the fundamental antenna the impedance is at its maximum at both 
ends and is at a minimum in the center. Because the nodes of the stand¬ 
ing waves never actually reach zero, the impedance at the center of the 
fundamental antenna never has the theoretical zero value at its center. 
Actually the impedance at the center of the fundamental antenna is 
approximately 72 ohms and has this value regardless of the length as 
determined by its resonant frequency. Since the antenna operates at its 



Fig. 13-27.—Distribution of the current and voltage along an antenna operated on 
harmonics of its fundamental frequency, (a) Second harmonic operation, (b) third 
harmonic operation. 

fundamental frequency this impedance is pure resistance. Prac¬ 
tically all this resistance is radiation resistance, as the ohmic 
resistance of the conductor is relatively small. The higher the frequency 
of transmission the shorter will be the required length of the antenna and 
hence also the lower its ohmic resistance. Since the impedance at the 
center of the fundamental antenna is practically constant regardless of 
its length, the efficiency of transmission at the higher frequencies is 
greater than at the lower frequencies. 

Radiation resistance is the term generally used in conjunction with the 
antenna current to determine the power radiated by the antenna. The 
power is equal to the product of the square of the antenna current and 
the radiation resistance. 

Pr = la^Rr (13-10) 

where Pr = radiated power, watts 

la antenna current, amperes 
Rf = radiation resistance, ohms 
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13-13. Types of Antennas. Antennas may be divided into two 
groups, namely, (1) the ungrounded or Hertz antenna^ (2) the grounded or 
Marconi antenna. The Hertz antenna operates in the same manner as the 
fundamental antenna and is also referred to as a doublet, a dipole, or a 
half-wave antenna. The Marconi antenna is also referred to as a quarter^ 
wave antenna. The operation of both types of antennas is based upon the 
principles of operation of the fundamental antenna. 

Hertz Antenna, The basic Hertz antenna consists of a single wire 
whose length is equal to approximately one-half the wavelength of the 
signal to be transmitted. This definition is the same as that for the 
fundamental antenna and hence its theory of operation will also be 
the same. 

The Hertz antenna may be erected horizontally or vertically. The 
manner in which the antenna is to be erected will be determined by the 
direction in which it is desired that the transmitted waves be polarized. 
The direction of the electrostatic lines of flux is called the direction of 
polarization of the wave. A vertical antenna will transmit waves that 
are polarized vertically and a horizontal antenna will transmit waves that 
are polarized horizontally. The angle at which the radiation from the 
antenna is at a maximum is determined by the direction in which it is 
polarized. Maximum radiation of the ground wave (see Art. 13-15) is 
obtained with vertical polarization. 

One of the disadvantages of the Hertz antenna is that its length for 
the low radio frequencies becomes excessive. One of its main advantages 
is that it requires no ground and can be mounted high above the earth or 
other absorbent bodies. 

Marconi Antenna, The basic Marconi antenna consists of a single 
wire whose length is equal to approximately one-fourth the wavelength 
of the signal to be transmitted. One end of this wire is connected to the 
ground and the other end is left suspended in space. This type of 
antenna may be erected either vertically or partly vertical and partly 
horizontal as shown in Fig. 13-28. Because of the capacitive effect of 
the antenna, the wavelength at which the Marconi antenna resonates is 
approximately 4.2 times the length from its free end to ground. 

When an antenna consists of a vertical wire having one end connected 
to ground, the electromagnetic field will spread out and extend through 
the ground in the same manner as if a wire similar to the one extending 
above the ground was substituted for the ground. The ground acts as a 
mirror reflecting an image of the electromagnetic field above it. The 
electric field about the antenna and its reflection by the ground is shown 
in Fig. 13-29. Although the magnetic field is not shown, it is also present 
but has been omitted for convenience and simplicity of drawing. A 
quarter-wave antenna having one end connected to ground will therefore 
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have another quarter-wave added to it by its ground image. The 
Marconi antenna thus acts in the same manner as the fundamental 
antenna; its voltage and current distribution are shown in Fig. 13-30. 



fa) (b) (c) 

Fiq. 13-28.—Throe methods of erecting the Marconi antenna, (o) Vertical, (&) invertod-L 

(c) T-antenna. 



Fig. 13-29. —Electric field about a grounded Fio. 13-30. —Distribution of 
antenna. the current and voltage along a 

grounded quarter-wave antenna. 


The grounded end of the antenna is at minimum voltage because this 
point is at ground potential. A high value of current will flow into 
ground as the current is maximum at the grounded end of the antenna. 
It is therefore desirable that the resistance of the ground connection be 
kept at a minimum . When the soil is moist, a good ground can be 
obtained by using a water pipe, a metal rod driven into the earth, or a 
metal plate buried several feet underground. If the surrounding soil is 
dry and sandy, or if no ground connection can be made, a counterpoise 
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can be substituted for the ground A counterpoise consists of one 
or more conductors stretched below the antenna and may be mounted 
just above the ground or buiied below its surface Radio installations in 
vehicles generally use a counterpoise The end of the antenna that is 
usually connected to ground is connected to the body of the vehicle, the 
circuit being completed by the capacitance that exists between the body 
of the vehicle and the ground. 


(a) (6) 

Fig 13-31 —Modern transmitting antennas (o) Half-wave vertical radiator antenna 
developed by the Bell Telephone Laboratones and Western Electric Company, (6) clover- 
leaf f-m antenna developed by the Bell Telephone Laboratories and Western Electric 
Company {Courtesy of American Tdephone and Telegraph Company ) 

One of the advantages of the Marconi antenna is that its length is 
only one-half that of the Hertz antenna. The Marconi antenna is there¬ 
fore more practical to use for the transmission of the lower radio fre¬ 
quencies and also for portable equipment. One of its disadvantages is 
that because one end must be grounded its height above the ground is 
limited The Marconi antenna can be effectively fed from a low-imped¬ 
ance source, as the impedance at its grounded end is only 37 ohms. 

Loading an Antenna, It is sometimes inconvenient or impractical to 
construct an antenna of the length required for the frequency at which 
it is to be operated. If the antenna is not of the proper physical length 
to resonate at the desired frequency, resonace may be obtained by loading 
the circuit with either inductance or capacitance, depending upon whether 
it is too long or too short. For example, an automobile antenna is usually 
shorter than the length required for resonance and to compensate for this 
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condition the antenna is loaded by connecting an inductance in series with 
the antenna. If an antenna is too long to tune the desired wavelength, 
a capacitor may be connected in series with the antenna to make it reso¬ 
nant at the desired frequency. While loading an antenna will make it 
resonate at the desired frequency, it introduces additional losses and hence 
reduces the efficiency of the antenna. 

Directional Antennas. For certain types of radio applications, such as 
point-to-point service, it is necessary to radiate the maximum amount of 
energy in a definite direction. Energy will be radiated equally well in all 
directions from a vertical antenna. A horizontal antenna will radiate 


Longer 

thorn^A 


(a) (b) 

Fia. 13-32.—Methods of loading a Marconi antenna, (a) Loading a short antenna 
with a series-connected inductor, (h) loading a long antenna with a series-connected 
capacitor. 

the greatest amount of energy in a direction at right angles to the wire. 
One of the first types of directional transmitting antennas used this 
principle. A more efficient and effective method is to use antenna arrays. 
An antenna array consists of two or more half-wave antennas, or quarter- 
wave antennas, or a combination of both. These antennas should be 
correctly spaced and their currents properly phased in order to produce a 
strong radiation in a desired direction. The subject of antenna arrays 
is quite complex and is beyond the scope of this text. 

13-14. Transmission Lines. Long and Short Lines. Any wire or 
system of wires used to transmit energy from one point to another may 
be termed a transmission line. Electrically, transmission lines may be 
classed as either short lines or long lines. The electrical length of a line 
is not based on its physical length but depends upon its physical length 
in comparison to the wavelength of the energy to be transmitted. For 
example, a 300-mile, 60-cycle power line is not considered a long line 
because the wavelength of a 60-cycle current is approximately 3000 miles 
and therefore the physical length of the line is only approximately one- 
tenth of the wavelength. A 50-foot line operated at 60 me would be 
considered a long line, since its physical length is approximately double 
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the wavelength of the excitation voltage. Low-frequency and direct- 
current power lines are classed as short lines and the calculations con¬ 
cerning these lines follow Ohm^s law rules. Because high-frequency lines 
are subject to the effects of standing waves the characteristics of these 
lines require special attention. High-frequency transmission lines are 
generally made of a definite length that is some multiple of a quarter 
wavelength in order to obtain a resonant line and to provide the maximum 
transfer of energy. Transmission lines whose lengths are other than some 
multiple of a quarter wavelength may be used in order to match the line 
to a reactive load. 

Standing Waves, Standing waves may be produced on transmission 
lines operating at high frequencies. As an antenna may be considered as 
an open-ended transmission line, the standing-wave theory presented 
here will also apply to antennas. When r-f energy is applied to an open- 
ended conductor, an electrical impulse travels along its length until the 
end of the conductor is reached where the impulse is reflected so that it 
travels back along the conductor to its source. Because of the high 
frequency of the r-f current, a new impulse will periodically flow toward 
the open end and thus cause reflections to occur periodically. The elec¬ 
trical impulse does not reach the end of the conductor instantaneously 
but travels at a finite rate. The wave produced by the original electrical 
impulse is called the incident wave and the wave produced by the reflected 
current is called the reflected wave, A reflected current wave will always 
be 180 degrees out of phase with its incident wave. The sum of the 
instantaneous values of the incident and reflected currents produces a 
resultant current that varies in magnitude along the length of the con¬ 
ductor from zero to a maximum value. This resultant current is called 
a standing wave. 

Formation of a Standing Current Wave on a ^ Wavelength Open-ended 
Transmission Line, The instantaneous current conditions existing along 
an open-ended conductor whose physical length is equal to f the wave¬ 
length of the applied current is shown in Fig. 13-33 for four different 
instants of the input cycle. The instantaneous current conditions at the 
instant that the applied current is at its maximum positive value is 
shown in Fig. 13-33d. At a point iX from the power source the current 
will be zero, since the current at this point on the conductor was sent out 
90 degrees before. In a similar manner the current along the conductor 
will also be zero at fX and f X, and at its maximum negative value at iX, 
and at its maximum positive value at X. Since the reflected wave is 180 
degrees out of phase with its incident wave, the value of the reflected 
current at the end of the conductor will be the same as the value at 
450 — 180 or 270 degrees (|X); at X it will be the same as 540 — 180 or 
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Fia. 13-33.—Curves showing the instantaneous current conditions existing along an open- 
ended conduetor whose physicid length is f the wavelength of the applied current. 
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360 degrees (X); etc. At this instant of time the incident and reflected 
waves are in phase with each other. The instantaneous current condi¬ 
tions along the length of the conductor at an instant 90 degrees later than 
in id) is shown in Fig. 13-33c, 180 degrees later than in (rf) in Fig. 13-33/, 
and 270 degrees later than in (d) in Fig. 13-33flr. From these four dia¬ 
grams it can be seen that the resultant current is always zero at odd 
quarter wavelengths, fX, fX; and varies sinusoidally between these 
points from a maximum positive value of twice the maximum positive 
value of the incident wave to a maximum negative value of twice the 
maximum negative value of the incident wave, as shown in Fig. 13-33A. 

A standing wave will also be produced by the voltage with its dis¬ 
tribution being just opposite to the current, that is, the voltage will be 
maximum when the current is at a minimum and minimum when the 
current is maximum. 

Feeding the Antenna, In order for the antenna to radiate its maxi¬ 
mum amount of energy, it must be connected to the transmitter with the 
minimum amount of loss in the coupling. Because a transmission line 
is an efficient means of transferring energy from a power source to a load, 
it is the method generally used to connect the output of the transmitter 
to the antenna. Energy may be fed to the antenna at either a current or 
voltage loop. An antenna that is fed at a current loop is referred to as 
being current fed and one fed at a voltage loop is referred to as being 
voltage fed. When feeding the energy into an antenna, maximum transfer 
of energy is obtained when the impedance of the line matches the imped¬ 
ance to which it is connected. If the impedance of the transmission line 
at the antenna end is of a low value the antenna should be current fed, 
and if it is of a high value it should be voltage fed. 

Impedance of Resonant Transmission Lines. In the application of 
resonant lines the impedance of the load is never made equal to the char¬ 
acteristic impedance of the line, hence reflections are always present in 
these type lines. A resonant line may act as either a high resistive or low 
resistive impedance. In order to act in this manner the output end of a 
resdnant line is either open circuited or short circuited, and its physical 
length is made equal to a multiple of a quarter wavelength. For physical 
lengths other than multiples of a quarter wavelength the line will act in 
the same manner as either a capacitor or inductor. 

Because the magnitude and phase relation of the current and voltage 
varies along the length of a resonant line, the impedance along the length 
of the line will also vary. At the odd quarter wavelengths of an open-end 
line the current is at a maximum and the voltage at a minimum. There 
is also a rise in voltage from the odd quarter wavelength points toward 
the output end. Thus at all the odd quarter wavelength points the open- 
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end transmission line acts as a series resonant circuit. At all even quarter 
wavelengths of an open-end line the voltage is at a maximum and the 
current at a minimum. At these points the open-end transmission line 
acts in the same manner as a parallel resonant circuit. Between zero and 
one-quarter wavelength, or between any even and odd quarter wave¬ 
length, the impedance of the open-end line is capacitive and resistive. 
Maximum capacitive reactance is obtained at each midpoint, |^X, |X, etc., 
where Xc = Zo. Between any odd and even quarter wavelengths the 
impedance of the open-end line is inductive and resistive. Maximum 
inductive reactance is obtained at each mid-point, |X, iX, etc., where 
Xl = Zo, The circuit equivalent, voltage, current, and impedance 
relations at various points along an open-end transmission line are listed 
in Table XIIT-I. 

When a line is short circuited at its end, this point will correspond 
to zero impedance. The current at the short-circuited end of a closed- 
end transmission line will thus be at a maximum and the voltage will be 
at a minimum. Since the current and voltage relationship in a short- 
circuited line are opposite to those of an open-end line, the impedance at 
any point on a closed-circuit line will also be opposite to an equivalent 
point on an open-end line. For example, at the odd quarter wavelengths 
of the closed-end line the line acts similar to a parallel resonant circuit and 
at the even quarter wavelengths it acts as a series resonant circuit. The 
circuit equivalent, voltage, current, and impedance relations at various 
points along a closed-end transmission line are listed in Table XIII-I. 

Types of Transmission Lines, The purpose of a transmission line is to 
transfer energy from a power source to a load with a minimum amount of 
loss. In a radio transmitter, the last stage of the transmitter is the power 
source and the antenna is the load. Any wire carrying an r-f current will 
radiate some amount of energy. The energy loss due to radiation can be 
reduced to a minimum by (1) using a low value of line current, (2) using a 
specially designed transmission line. The types of transmission lines 
generally used to connect a transmitter to the antenna are (1) the two 
conductor open-wire line, (2) the twisted-pair line, (3) the coaxial 
line, (4) the single-wire system. A diagram illustrating each of these 
four types of transmission lines is shown in Fig. 13-34. Transmission 
lines may also be classified as being tuned or resonant, and untuned or 
nonresonant. 

Two Conductor Open-wire Line. The type of transmission line most 
commonly used to transfer energy from the transmitter to the antenna 
is the two conductor open-wire line. The radiation from the two wires is 
reduced to practically zero by having the electromagnetic field about 
each wire cancel the other. This is accomplished by having the currents 
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in the two wires equal in magnitude but opposite in phase. This action 
is obtained by placing the two wires parallel to each other and relatively 
close together. • An insulator, commonly called a spreader, is used to 
maintain the distance between the two wires at a fixed value; the spacing 
is generally in the order of two to six inches. 

Cancellation of the electromagnetic fields is obtained when the two 
lines are perfectly balanced. Any unbalance in the lines can be overcome 



(cL) 

Fia. 13-34.—Four types of transmission lines, (a) Two-conductor open-wire line, (?>) 
twisted-pair line, (c) coaxial line, (d) single-wire system. 



Fio. 13-35.—A two-conductor open-wire line using transposition blocks. 

by reversing the positions of the two wires at regular intervals. A type 
of spreader called a transposition block is used for this purpose (see Fig, 
13-35). 

The two conductor open-wire line is ordinarily operated as a resonant 
line. In order for a transmission line to resonate, its lehgth can be 
determined in the same manner as was explained for the antenna. A 
transmission line can be considered as a half-wave antenna that is folded 
back upon itself (see Fig. 13-36). The length of a transmission line refers 
to the length of one wire. The length of a resonant transmission line 
can therefore be made approximately equal to any whole multiple of a 
quarter wavelength. The current distribution on a quarter-wave trans¬ 
mission line for both current and voltage feed is shown in Fig. 13-36. 
From this figure it can be seen that the standing wave on each wire of the 
transmission line is 180 degrees out of phase with the other. The elec- 
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tromagnetic field set up about each wire will cancel the other and hence 
the net radiation of the transmission line will be zero. 

Twisted-pair Line, Another method of reducing the radiation from a 
transmission line is to twist the two wires so that the electromagnetic 
fields about the two conductors cancel each other. This principle is used 



Fiq. 13-36.—A half-wave antenna fed hy a quarter-wave two-wire line, (a) Voltage-fed, 

(6) current-fed. 

with the twisted-pair line, which consists of two insulated wires that are 
twisted together to form a flexible line. The impedance of a twisted-pair 
line is approximately 72 ohms, which is the same as the impedance at the 
center of a half-wave antenna. The twisted-pair line is therefore a con¬ 
venient method to use with a half-wave antenna for obtaining maximum 
transfer of energy. 

A twisted-pair line is usually operated as a nonresonant line. One 
advantage of an untuned line is that because its line current is low its 
losses will also be low. A disadvantage of 
the nonresonant line is that it can only be 
operated at one frequency and therefore 
cannot be used for harmonic operation of 
the fundamental frequency. 

In order to match the impedance of the 
line to the impedance of the antenna, a 
more complex adjustment is required 
with the nonresonant line than with the 
resonant line. Impedance matching can 
be accomplished by (1) using a line with 
an impedance equal to the impedance at the center of the antenna, (2) 
connecting the line at the proper point on the antenna, (3) connecting an 
impedance between the antenna and the line. 

When using a twisted-pair line to center-feed a half-wave antenna, 
any difference in impedance between the line and the antenna can be 



Fiq. 13-37.—A half-wave antenna 
oenter-fed by a twisted-pair line. 
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adjusted by spreading the ends of the feeder wires at the antenna. The 
amount of spread, represented by d in Fig. 13-37, will vary with the size 
of the wire used for the feeder. This distance is normally between 6 and 
18 inches. The correct distance can be obtained by connecting an r-f 
ammeter in each section of the antenna at the point where it connects 
with the feeder, and then adjusting this position until maximum current 
indication is obtained. 

• Coaxial Line, Another method of reducing the energy loss due to 
radiation is to shield the transmission line. However, because of the 
eddy currents set up in the shield the losses in the line are too high to 




(&) 

Fia. 13-38.—Coaxial cable, (a) Two-conductor Twinax cable, (b) ringle-condutor Coax 
cable {Courtesy of American Phenolic Corporation ) 

make this method practical. An efficient method of shielding is obtained 
by use of a concentric line. 

The concentric line, generally referred to as a coaxial line, consists of 
a wire or metal rod inside a metal tube. The wire is separated from the 
walls of the tube by means of insulating spacers that are placed at regular 
intervals along the length of the line. Another form of the concentric 
line is the coaxial cable, in which a solid insulating material is used between 
the outer and inner conductors. The outer conductor is usually in the 
form of a braid, so that the cable will be more flexible. 

The coaxial line may be operated as either a resonant or a nonresonant 
line. As a nonresonant line the outer conductor is operated at ground 
potential. Therefore the radiation from the line will be practically zero. 
The impedance of a coaxial line varies between 60 and 150 ohms, the 
exact vdue being dependent upon its physical dimensions and the dielec¬ 
tric constant of the insulating material. 

When a coaxial line is operated as a resonant line, a standing elec¬ 
tromagnetic wave is set up between the two conductors. The radiation 
from this field is absorbed by the outer conductor. The eddy currents 
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that are set up in this conductor produce an electromagnetic field, which 
returns the energy to the line. The eddy currents produce an energy 
loss; however, this loss of energy is appreciably less than that in a two 
conductor open-wire line. 

Single-^wire System. Another method of reducing the energy loss due 
to radiation is to use a single conductor to feed the antenna. In this 
system the earth or ground is used as the return circuit and it is therefore 
essential that a good ground connection be used. The single-wire system 
operates as a nonresonant line. No standing waves will appear on the 
line when its characteristic impedance is 
matched by the impedance of the an¬ 
tenna at the point of connection. The 
distance from the center of the antenna 
to the point where the line connects to 
the antenna, represented by d in Fig. 

13-39, is approximately 14 per cent of 
the length of the antenna. The dis¬ 
tance d is dependent upon the size of the 
conductor used for the feeder and the 
height of the antenna. Proper matching of the impedances is best 
obtained by use of an r-f ammeter and adjusting the position of the feeder 
on the antenna for maximum current flow. 

13-16. Wave Propagation. Radio Waves. Radio waves are electro¬ 
magnetic waves that travel through space at essentially the same speed 
as light. The radio wave radiated from an antenna is composed of two 
parts. One of these parts travels along the earth^s surface and hence is 
called the ground wave. The other part travels through the atmosphere 
and hence is called the sky wave. 

The Ground Wave. The ground wave suffers losses in energy that are 
caused by dispersion and absorption. The range of communication by 
means of the ground wave is limited to comparatively short distances, 
as the radio wave must supply these losses and hence the strength of the 
signal is attenuated. The energy loss due to dispersion is caused by 
the spreading out of the radio waves along the surface of the earth. 
The amount of energy that is dissipated in the ground will depend upon 
the resistance of the surface of the earth that the ground wave must 
travel through. The greater this resistance, the greater will be the 
absorption loss and also the greater the attenuation of the radio wave. 
Sea water and moist soil are good conductors, hence the range of com¬ 
munication is much greater for a signal traveling over these surfaces than 
for a signal traveling over dry land. The losses of the ground wave vary 
directly with the frequency and therefore the higher the frequency the 



Fig. 13-39.—A single-wire antenna 
feed. 
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greater will be the attenuation of the radio signal. The rate of attenua¬ 
tion is so high for signals above two megacycles that the range of commu¬ 
nication by means of the ground wave at these frequencies is too small to 
be of any practical use. 

As any horizontal component of the electric field will be short- 
circuited by the earth, it is essential that a vertical antenna be used for 
ground-wave communication. The antenna will then be polarized 
vertically and the electric field will be at right angles to the earth. 

The Sky Wave. The sky wave leaves the antenna at an angle to the 
horizontal and travels upward until it strikes a layer of ionized air that 
causes it to be bent downward so that it strikes the earth’s surface at 
some distance from the transmitting antenna. The sky wave upon 
reaching the earth may be reflected upward toward the ionized layer of 
air and the cycle is repeated until the sky wave is completely absorbed 
(see Fig. 13-40). The losses due to dispersion and the losses due to 
absorption within the ionized layer are comparatively small and hence 
the strength of the signal at a point where the sky wave strikes the earth’s 
surface may be much stronger than a ground-wave signal that is much 
closer to the transmitting antenna. Because of this characteristic, long¬ 
distance communication is accomplished by use of the sky waves. 

The bending of the sky wave by the ionized layer of air is called 
refraction and is caused by the wave passing at an angle from one medium 
to another. The degree of refraction is dependent upon the frequency 
of the sky wave and the intensity of ionization of the reflecting layer. 
The theory of refraction of the sky wave by an ionized layer of air was 
developed simultaneously by two men, an American named Kennelly and 
an Englishman named Heaviside, who worked independently of each other. 
The Kennelly-Heaviside layer is only one of a series of layers of ionized 
air, each one outside the other, which comprise the upper portion of the 
earth’s atmosphere. This series of layers of ionized air is called the 
ionosphere and extends from approximately 30 miles above the earth’s 
surface to approximately 200 miles above the earth’s surface. Maximum 
intensity of the ionosphere is generally in the region of 70 niiles above the 
earth’s surface. Ionization of the air is caused to a large degree by the 
sun’s rays and thus the intensity of ionization within the ionosphere will 
vary with the time of day and the season of the year. Radio communica¬ 
tion by means of the sky wave, which is dependent upon the degree of 
ionization, will therefore also vary with the time of day and the season 
of the year. 

The angle between a sky wave and the surface of the earth is called 
the angle of radiation. The distance between the point where the sky 
wave leaves the earth and the point where it returns is called the skip 
distance. This distance increases as the angle of radiation is decreased. 
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The smaller the angle of radiation the smaller will be the degree of refrac¬ 
tion required to return the wave to the earth. For each frequency and 
degree of refraction there is an angle of radiation, called the critical angle, 
above which there is no refraction. No part of a sky wave that enters 
the ionosphere above the critical angle returns to the earth, as that 
portion of the sky wave that is not absorbed by the ionosphere continues 
on into space. The value of the critical angle decreases Avith an increase 
of frequency. The sky wave cannot be used for uhf (ultrahigh-fre- 



Fia, 13-40. The propagation of ground waves and sky waves from an antenna. 


quency) communication, as at these frequencies the critical angle is so 
low that no portion of the sky wave is refracted. 

The distance between the transmitter and the point on the earth^s 
surface where the sky wave first returns to the earth, or between any two 
successive points on the earth's surface where the sky wave returns, is 
called the sHr distance. The value of this distance is dependent upon 
the angle of radiation, the frequency, and the intensity of the ionosphere. 
With too small an angle of radiation the skip distance may become so 
large that the sky wave skips beyond the earth's surface. The portion 
of the earth's surface not reached by either the sky wave or the ground 
wave is called the skip zone. 

The variation in the signal intensity at a definite point of reception 
is called fading. When two or more portions of a wave arrive at a point 
of reception along different paths their phase relations may not be the 
same. The paths through the ionosphere are subject to change hence a 
signal from this t3rpe of communication is subject to fading. 

Propagation of UUrahigh Frequencies. The sky wave sent out by a 
transmitter whose output frequency is greater than 30 me will not be 
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reflected back to tlie earth by the ionosphere. The ground wave at 
these frequencies, whether polarized vertically or horizontally, will be 
short-circuited by the earth. Because of these transmitting character¬ 
istics at the ultrahigh frequencies, communication at these frequencies 
is carried on by use of straight-line propagation of radio waves from the 
transmitter to the receiver. Because of the curvature of the earth the 



Fia. 13-41.—Direct-wave propagation at the ultrahigh frequencies. 
A Transmiffing 



Fio. 13-42.—Direct and reflected waves at ultrahigh frequencies. 

maximum distance over which ulbrahigh-frcquency communication can 
be accomplished is dependent upon the line-of-sight distance (see Fig. 
13-41). The maximum distance of communication at the ultrahigh 
frequencies will therefore be determined by the height of the transmitting 
and receiving antennas. The maximum distance of communication 
between a transmitting antenna whose height is Ar.i and a receiving 
antenna whose height is /ir.i is obtained when the Kne-of-sight just clears 
the earth^s surface as indicated by the distance A to B on Fig. 13-41. 
Increasing the height of the transmitting antenna to Ar .2 increases the 
distance of communication to point C. This same increase in the distance 
of communication can also be accomplished with a transmitting antenna 
of height hr,! by increasing the height of the receiving antenna to /ir. 2 . 

Some of the radio waves sent out by the transmitting antenna are 
reflected by the earth. The signal at the receiving antenna will there¬ 
fore be the resultant of the reflected wave ACB and the direct wave ABy 
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as shown in Fig. 13-42. Whether these two waves aid or oppose each 
other will depend upon their phase relation. The reflected wave has its 
phase reversed when it is reflected. Thus, when the length of the path 
of the two waves, ACB^ and AB, are equal or approximately equal they 
will be out of phase when they arrive at the receiving antenna. How- 
(‘ver, if the length of the path of the reflected wave is any odd number of 
half wavelengths longer than the direct wave the two waves will be in 
phase when they arrive at the receiving antenna. 
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QUESTIONS 

1. Name the essential parts of a simple transmitting circuit. 

2. Explain why it is impractical to feed a-f signals dire(!tly into an antenna. 

3 . Define the following terms: (a) signal, (6) signal wave, (c) carrier wave, 
(d) modulation, (e) modulated wave, (/) modulating wave, {g) side band, Qi) modula¬ 
tion envelope. 

4. Name and define three methods of modulation. 

5. (a) What is meant by per cent of modulation? (6) Why is it desirable to 
opiirate an a-m transmitter with 100 per cent modulation? 

6. (a) Explain why a 10-kc channel is required by an a-m transmitter whose 
modulating frequency has an upper limit of 5000 cycles. (6) If the upper limit of 
the modulating frequency is increased to 10,000 cycles, why must the operating 
channel of the transmitter be increased to 20 kc? (c) What would be the effect if 
the transmitter in (6) were operated with a channel of less than 20 kc? 

7 . What are the essential characteristics of a frequency-modulated wave? 

8. Define the following terms: (a) center frequency, (5) resting frequency, (c) 
frequency deviation, (d) carrier swing, (e) deviation ratio. 

9. (a) Name the factors that determine the channel width of an f-m transmitter. 
(b) Explain how each factor affects the channel width. 

10 . What is meant by (a) plate-supply keying? (b) Blocked-grid keying? (c) 
Cathode keying? 

11 . (a) What is meant by a master oscillator power amplifier? (b) What are the 
functions of the buffer amplifier? (c) What are the advantages of the master oscilla¬ 
tor power amplifier? 
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12. Why is it desirable to use frequency multiplication to produce r-f outputs 
above 10 me? 

13. Draw a block diagram illustrating the essential components of an a-m trans¬ 
mitter for (a) low power output and medium radio frequencies, (6) high power output 
and frequencies greater than 10 me. 

14. Draw a block diagram illustrating the essential components of an f-m trans¬ 
mitter using (a) the reactance-tube system of modulation, (b) the Armstrong system 
of modulation. 

16. Why is the efficiency with (^lass C operation of amplifiers higher than for 
Class A or Class B operation? 

16. In order to obtain maximum efficiency from a Class C r-f power amplifier 
what should be the approximate relation between the input signal and the grid bias? 

17. Explain how an undistorted output is obtained from Class C r-f power ampli¬ 
fier circuits. 

18. How does the construction of Class C power amplifier tubes compare with 
low-power-output vacuum tubes? 

19. What are the advantages and disadvantages of (a) low-level modulation? 
(6) High-level modulation? 

20. (a) What is meant by grid modulation? (6) Describe the operation of a 
grid modulation circuit, (c) What are the advantages and disadvantages of grid 
modulation? 

21. (o) What is meant by plate modulation? (b) Describe the operation of the 
Heising system- of plate modulation, (c) Why is the Heising system of plate modu¬ 
lation also called the constant-current system? (d) What are the advantages and dis¬ 
advantages of plate modulation? 

22. (o) Name three types of interstage coupling used in transmitters, (b) What 
three requirements should a coupling imit fulfill in order to obtain maximum efficiency? 

23. Explain the operation of each of the following types of coupling as used in 
transmitting circuits: (a) capacitive coupling, (b) impedance coupling, (c) link coupling. 

24. Explain the operation of a simple a-m transmitting circuit. 

26. (a) What is the purpose of a reactance modulator in an f-m transmitter cir¬ 
cuit? (b) Describe the operation of a reactance-tube modulator circuit, (c) What 
are the advantages of this method of producing frequency modulation? 

26. (a) What is the purpose of a balanced modulator in an f-m transmitter circuit? 
(b) Describe the operation of a balanced modulator circuit, (c) What are the advan¬ 
tages and disadvantages of this method of producing frequency modulation? 

27. With the aid of a block diagram, describe the operation of an f-m transmitter 
employing the Crosby system of modulation. 

28. With the aid of a block diagram, describe the operation of an f-m transmitter 
employing the Armstrong system of modulation. 

29. (a) What is an antenna? (b) What is the purpose of an antenna? (c) 
Describe the principle of operation of an antenna, (d) Why is it necessary to have a 
high current flowing in a transmitting antenna? 

30. Explain the following terms: (a) radiation field, (b) induction field. 

31. In order to obtain the most effective transmission, why should the current fed 
into an antenna be of a high r-f value? 

32. Describe a simple experiment that can be used to illustrate that the radiation 
resistance is greatest when the ends of a conductor (antenna) are diametrically opposite 
to each other. 

83 . Explain the characteristics of the fundamental antenna that enable it to be 
considered As a parallel resonant circuit. 
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84* Draw a diagram illustrating the voltage and current distribution along a 
fundamental antenna that is operated at (a) its fimdamental frequency, (6) a harmonic 
of the fundamental frequency. 

86. (a) What is the relation between the impedance at the center of the funda- 
mental antenna and the impedance at the ends? (6) Explain the reason for this 
relation. 

86. Why is the resistance at the center of the fimdamental antenna considered to 
be approximately 72 ohms? 

87. Explain why the efficiency of transmission is greater at the higher frequencies 
than at the low frequencies. 

88. (a) Describe the construction and operating characteristics of a Hertz antenna. 
(h) What are the advantages and disadvantages of the Hertz antenna? 

89. (o) Describe the construction and operating characteristics of a Marconi 
antenna. (6) What are the advantages and disadvantages of the Marconi antenna? 

40. What is meant by a polarized antenna? 

41. What is the purpose of loading an antenna circuit with (a) a capacitor? 
(6) An inductor? 

42. (a) What is meant by an antenna array? (6) What is the purpose of the 
antenna array? 

48. Explain what is meant by (a) a long transmission line, (6) a short transmission 
line. 

44. Explain the following terms: (a) incident wave, (b) reflected wave, (c) stand¬ 
ing wave. 

45. With the aid of diagrams, explain how a standing wave is formed on an open- 
ended transmission line. 

46. What is meant by (a) a current-fed antenna? (b) A voltage-fed antenna? 

47. What must the physical length of a resonant line whose output ends are open- 
circuited be in order for it to act as (a) a series resonant circuit? (b) A parallel 
resonant circuit? (c) An inductor? (d) A capacitor? 

48. What must the physical length of a resonant line whose output ends are 
short-circuited be in order for it to act as (a) a low resistance? (b) A high resistance? 
(c) An inductor? (d) A capacitor? 

49. (a) What are the operating characteristics of a two conductor open-wire 
transmission line? (b) Explain how the net radiation of this type of line is reduced 
to practically zero. 

60 . Describe the purpose of (a) a spreader, (b) a transposition block. 

61 . Explain why the twisted-pair transmission line is convenient for use with a 
half-wave antenna. 

62 . What adjustments should be made with a twisted-pair transmission line when 
it is operated as a nonresonant line to center-feed a half-wave antenna? 

68 . Explain the operation of a coaxial line as: (a) a nonresonant line, (6) a reso¬ 
nant line. 

64 . Explain how a single wire may be used as a nonresonant line to feed an antenna. 

66 . (a) Describe the communication characteristics of the ground wave. (6) Why 
is it necessary to use a vertical antenna for ground wave commtmication? 

66 . Explain the following terms: (a) ionosphere, (b) refraction, (c) angle of radia¬ 
tion, (d) skip distance, (e) critical angle, (f) sMp zone. 

67 . Why is the sky wave used for long-distance commimication? 

58 . (a) Why must straight-line propagation of radio waves from the tnmsmitter 
to the receiver be used for radio frequencies greater than 30 me? (b) What factors 
determine the maximum distance of communication at the ultrahigh frequencies? 
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RECEIVING CIRCUITS 

The operation of simple receiving circuits that do not require the use 
of vacuum tubes was presented in Chap. III. While these simple cir¬ 
cuits do not have much practical value, they were presented to acquaint 
the reader with the fundamental functions of a receiving system before 
introducing the theory of vacuum tubes and their associated circuits. 
In the chapters following the simple receiving circuits, a detailed study 
of vacuum tubes and their uses as amplifiers, detectors, oscillators, and 
rectifiers was presented. With this knowledge of vacuum-tube applica¬ 
tions, it is now possible to understand the purpose and operation of all 
the components in the average receiver. 

14 - 1 . Characteristics of Receivers. Definitions. A radio receiver 
may be defined as a device for converting radio waves into perceptible 
signals. How well a receiver accomplishes its purpose is generally 
determined by investigation of its characteristics, the most important 
of which are the sensitivity, selectivity, fidelity, stability, and signal-to- 
noise ratio. 

Sensitivity. The IRE definition states that the sensitivity of a radio 
receiver is that characteristic which determines the minimum strength 
of signal input capable of causing a desired value of signal output. This 
characteristic is further described in Art. 6-1. 

SeUctwity. The IRE definition states that the selectivity of a radio 
receiver is that characteristic which determines the extent to which it 
is capable of differentiating between the desired signal and disturbances 
of other frequencies. It is also further explained in Art. 6-1. 

Fidelity. The IRE definition states that fidelity is {he degree with 
which a system, or a portion of a system, accurately reproduces at its 
output the essential characteristics of the signal which is impressed upon 
its input. This characteristic is also further explained in Art. 6-1. 

Stability. Stability may be defined as a measure of the ability of a 
radio recover to deliver a constant amount of output for a given period 
of time when the receiver is supplied with a rignal of constant amplitude 
and frequency. Factors affecting the stability of a receiver are the 
variations in output voltage of the power supply unit, temperature 
variations, and occasionally features of mechanical construction. Insta- 
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bility of a receiver, in addition to affecting its fidelity, may also cause it 
to break into oscillations that produce a whistle or a howling noise at the 
loudspeaker. 

SignaUto-noise Ratio, The signal-to-noise ratio of a radio receiver is 
one of the important operating characteristics of the receiver. Various 
definitions have been presented, depending upon the source of noise to 
be considered. In terms of the receiver itsedf, a fair definition is that the 
signal-to-noise ratio is the ratio of the signal power output to the noise 
power output at a specified value of modulated carrier voltage applied 
to the input terminals. 

Kinds and Sources of Noise. The source of noise may be in the 
receiver itself or may be due to external causes such as static, back¬ 
ground noises from other stations, or noises originating in the trans¬ 
mitter. The noises produced within the receiver may be divided into 
four classifications, namely (1) thermal agitation, (2) shot effect, (3) 
microphonics, (4) hum from the a-c power source. Thermal agitation 
may be defined as an irregular random movement of the free electrons in 
a conductor that is carrying a normal flow of electron current. The 
random motion of the free electrons produces minute currents, which 
upon being amplified result in noise at the loudspeaker. The magnitude 
of these minute currents increases with the temperature. Shot effect is 
caused by the small irregularities in plate current, which normally exist 
due to the individual electrons striking the plate, and produces noise at 
the loudspeaker. It is generally present only in high gain amplifiers 
operated with a low input signal. Microphonics is the name generally 
applied to the noise present in the loudspeaker due to mechanical vibra¬ 
tion at one or more points in a radio receiver, which causes corresponding 
variations in the a-f currents. Although microphonic noises are most 
generally due to vibration of the elements of amplifier tubes, they may 
also be caused by the vibration of other circuit elements such as capaci¬ 
tors and coils. Hum from the a-c power source is usually picked up in the 
a-f section of the receiver, although it may also be picked up at other 
points. Among the causes of hum are (1) operating the heaters or fila¬ 
ment circuits of the tubes on a-c, (2) insufficient filtering of cathode bias 
resistors, (3) insufficient filtering in the B power supply unit, (4) stray 
magneti(f and electrostatic fields near the circuit elements of the receiver. . 

14-2. Frequency-modulation vs. Amplitude-modulation Reception. 
Noise Reduction. The outstanding advantage of f-m over a-m reception 
is the great reduction in undesired external noises. Numerous types of 
external and internal noises may be present in the sounds produced by 
the conventional a-m receiver. External noises, generally called static^ 
may be caused by nature, as in the case of lightning, northern lights, 
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sunspots, etc., or it may be man-made static as produced by vacuum 
cleaners, neon signs, electric elevators and trolleys, electric vibrator 
mechanisms^ etc. As these disturbances affect the amplitude of the 
received signal, they introduce undesired noises in the output of a-m 
receivers. In some instances the noise produced is so severe that it 
completely ruins the reception of the desired program. 

In f-m reception, amplitude disturbances due to static do not affect 
the transmitted signal frequencies. The variations in amplitude are 
smoothed out by the limiter circuits (see Art. 14-17) in the f-m receiver, 
and hence the output of the receiver is practically free from noises due to 
static. 

Fidelity, Potentially, the f-m receiver is superior to the a-m receiver 
in the fidelity of reproduction. It has been shown in Art. 13-3 that with 
f-m it is possible to reproduce sounds at frequencies up to 15,000 cycles. 
If this is compared with the 5,000-cycle range for the average a-m system, 
it should readily be understood that an f-m receiver, particularly as in 
the case of a symphonic musical program, will provide a more nearly 
exact reproduction of the original sounds than an a-m receiver. 

Interstatipn Interference, With a-m reception, it is possible to be 
tuned to a desired station and to have another station interfering in the 
background. In some instances the interference may be suflSciently 
disturbing to spoil the program of the desired station, even though the 
Interference is many times weaker than the desired program. With f-m 
reception, it is possible to receive only one of two stations operating at 
the same frequency if the relative signal strength exceeds a 2 to 1 ratio. 
Thus, it is unlikely to have a distant station interfere with a local station 
even though they may be operating on the same frequency. 

Distance and Fading, With a-m reception, it is possible to receive 
programs from stations located considerable distances from the receiver 
but this reception is often accompanied by fading. Furthermore, the 
ability to receive distant stations varies with the time of the day and the 
time of year. The normal distance for f-m transmission is generally 
considered as line-of-sight distance, or approximately 40 miles, although 
greater distances can and have been achieved. However, f-m reception 
is equally good for day or night and any time of the year. 

Disadvantages of Frequency-modulation. There are a| number tS dis¬ 
advantages of f-m over a-m, although they are generalljy'considered to be 
outweighed by the advantages. Among the disac^yantages are: (1) 
higher cost of receivers; (2) generally reqi&es a special antenna, which 
adds to the cost; (3) may be subject to static from auto ignitions, etc.; 
(4) tuning is unstablej/(6) difiSicult to time. ' 

The f-m system of broadcasting is still in its infancy and there are 
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comparatively few f-m transmitters in operation and the programs 
available are limited. However, there is every indication that the num¬ 
ber of f-m transmitters will soon equal and perhaps surpass the number 
of a-m transmitters. 

Use of Amplityde-^modulation, The preceding discussion infers that 
f-m is so far superior to a-m reception that it raises the question of why 
a-m is used. This may be answered by the fact that earl y radio develop¬ 
ment employed only the a-m system of modulation and it became so 
firmly entrenched that it will take many years before the millions of a-m 
receivers now in use mil be replaced by the newer f-m receivers. 

Although the f-m system is superior to the a-m system, it is possible 
to obtain quite satisfactory reception from a-m receivers except in the 
case of severe electrical disturbances such as occurs during a thunderstorm. 

14-3. Fundamental Principles of Amplitude-modulation Receivers. 
Essential Functions, The minimum essential functions of a radio receiver 
are: (1) reception, (2) selection, (3) detection, (4) reproduction. The 
order in which these functions are performed is indicated by the block 
diagram of Fig. 14-1. A simple discussion of these functions was pre¬ 
sented in Chap. Ill and a simple receiving circuit is shown in Fig. 3-2. 


Recep-tion] 

H 

Selection 

H 

Detection 

— 

Reproduction 


Fig. 14-1.—Block diagram showing the essential functions of a receiver. 


The simple receiving circuit of Fig. 3-2 has many disadvantages such 
as poor sensitivity, poor selectivity, and possible loss of the signal when 
the crystal is jarred. Some of these disadvantages may be lessened or 
overcome by substituting a vacuum tube for the crystal detector. Two 
single-tube receiving circuits are shown in Fig. 14-2. Both of these 
circuits will provide increased signal strength, as has been explained in 
Arts. 5-5 and 5-8. However, the signal strength is still only sufficient 
to operate earphones. 

Addition of Avdio-frequency Amplification. In order to obtain 
sufficient signal strength to operate a loudspeaker, it is necessary to add 
one or more stages of a-f amplification as indicated in the block diagram 
of Fig. 14-3. The a-f amplifier stages are generally either of the trans¬ 
former-coupled or the resistance-capacitance-coupled type, the operation 
of which has been presented in Chaps. VIII and IX. Figure 14-4a 
illustrates the addition of one stage of a-f amplification to the simple 
regenerative receiver of Fig. 14-26. The circuit of Fig. 14-46 illustrates 
the addition of two stages of a-f amplification to the single-tube receiving 
circuit of Fig. 14-2o. In the circuit of Fig. 14-46 the first amplifier stage 
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is used for obtaining voltage amplification and the second stage for 
obtaining power amplification. 

The circuits of Fig. 14-4 do not have very great practical value 
because of the poor selectivity of the circuit. The a-f amplifier stages 
increase the strength of all signals passed on to them from the detector 
and consequently the interstation background noises are amplified to 



the same degree as the signal of the desired station. This usually results 
in poor overall operation of the receiving circuit. 

Addition of Radio-frequency Amplification, One method of improving 
the selectivity of a receiver is to introduce one or more additional tuning 
stages. As an additional tube is required for each stage added, ampli¬ 
fication also takes place with the introduction of each new stage. As 
both tuning and amplification take place within each added stage, the 
process is commonly referred to as tuned-radio-frequency amplification^ 
or it is said that one or more trf stages have been added. The block 
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Fio. 14-4* Two slinple receiver circuits ^th a-f amplification, (o) Regenerative receiver with one stage of a-f amplification, (b) receiver 

with grid-leak detector and two stages of a-f amplification. 
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diagram of a receiver employing trf amplification is shown in Fig. 14-5. 
The circuit of Fig. 14-6 illustrates the addition of a single stage of trf 
amplificatioji and one stage of a-f amplification to the simple receiving 
circuit of Fig. 14-2a. The manner in which the additional stages of 
tuning improves the selectivity has been discussed in Art. 6-6 and the 
matter of trf amplification was presented in Art. 7-6. It was pointed 
out in Art. 6-6 that, if too many tuned stages are added, the circuit may 
become too selective and will then adversely affect the fidelity of the 
receiver. Another disadvantage of trf amplification is that the selec¬ 
tivity of the circuit varies with the frequency of the received signal. 



Fio. 14-6.—Block diagram of a simple receiver with the addition of both r-f and a-f ampli¬ 
fication. 


The selectivity decreases with an increase in frequency, as is indicated 
by Fig. 14-7. 

Addition of Intermediate-frequency Amplification. The disadvantages 
of the trf circuit can be overcome to a large extent by reducing the 
received frequency of the selected station to a lower fixed value of radio 
frequency (called the intermediate frequency) and providing further 
tuning and amplification at this intermediate frequency. A receiver 
employing this principle is called a superheterodyne receiver. The portion 
of the receiver in which this tuning and fixed frequency amplification 
takes place is called the i-f amplifier. Because the i-f amplifier operates 
at a fixed frequency, greater selectivity, sensitivity, stability, and fidelity 
can be obtained than with an amplifier that must operate over the entire 
frequency range of the receiver. 

The intermediate frequency is obtained by beating the frequency of 
a separate oscillator circuit that is added to the superheterodyne receiver 
with the modulated frequency of the desired station. In order to main¬ 
tain a constant value of i-f for all stations to be received, the frequency 
of the oscillator circuit must be varied whenever a new station is selected. 
The block diagram of a superheterodyne receiver is shown in Fig. 14-8. 
A more complete analysis of the superheterodyne receiver is presented 
later in this chapter. 

Other Addition* to Receiving Circuits. Numerous improvements and 
additional operating features have been introduced for radio receiver 
circuits. They include such features as short-wave reception, all-wave 
reception, automatic volume control, automatic frequency control, tone 
control, ndse suppression circuits, push-button control, tuning indicators. 
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band switching, bandspread tuning, 
and preselection. These are described 
in various portions of this text. In 
general, the purpose of each is indi¬ 
cated by its name. 

14-4. The Tuned-radio-frequency 
(TRF) Receiver. The TRF Circuit 
A trf receiver may be defined as one in 
which the incoming signal is passed 
through one or more stages of tuned- 
radio-frequency amplification and 
then applied to the detector with the 
same frequency and wave form at 
which it was received. The trf re¬ 
ceiver was used extensively in the 
early days of radio, but owing to its 
disadvantages, described in the pre¬ 
ceding article, its use has decreased 
considerably with the introduction of 
the superheterodyne receiver. How¬ 
ever, this circuit is still used to some 
extent, especially in some of the small 
low-cost receivers. 

The circuit diagram of a five-tube, 
a-c operated, trf receiver is shown in 
Fig. 14-9. The circuit uses two stages 
of tuned r-f amplification, a biased 
detector, one stage of a-f voltage am¬ 
plification, and one stage of a-f power 
amplification. It is designed to pro¬ 
vide (1) sufficient selectivity for the 
reception of all local stations and some 
distant stations, (2) ample volume for 
average home use, (3) good fidelity, 
(4) high signal-to-noise ratio. A list 
of the various circuit elements to¬ 
gether with their names and functions 
is presented in Table XIV-I. Also 
provided in the table are (1) figure 
references that illustrate the partic¬ 
ular parts, (2) reference article and 
chapter numbers in which the parts 



Fia. 14-6.—A simple rec^ving circuit with both r-f and a-f amplification. 
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and the explanation of their operation was presented, (3) approximate 
values of the various circuit elements for one specific receiver design. 
The function of those few parts not previously described in detail are 
given in the following discussion. 

Volume Control, The control of the volume for the circuit of Fig. 
14-9 is obtained by means of the potentiometer Ri, Examination of ftio 
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Pio. 14-7.—Curves showing the effect of frequency upon the selectivity of a typical trf 

amplifier stage. 



Fig. 14-8.—Block diagram of a simple superheterodyne receiver. 


circuit will show that as the movable arm C approaches A a greater 
portion of the signal input is shunted to ground, thereby decreasing the 
signal strength in the primary of the antenna coil Ti. As the arm C 
approaches B less current is shunted to groimd and the dgnal strength 
in the primary of Ti increases. Also, advancing the movable arm C 
toward point A increases the cathode bias resistance {Rt plus the resist¬ 
ance in section B-C of iZi), thereby reducing the amplification produced 
at VT\ and VTi, thus decreasing the volume. When the movable 
contact C is advanced toward B, the cathode bias of VTi and FIT* is 
decreased and the volume will be increased. 
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Screen-grid Voltage-dropping Resistor. In the operation of pentode 
tubes, particularly in r-f amplifiers and in detector applications, it is 
common practice to operate the screen grids at a lower voltage than the 
plates. In order to avoid the use of high wattage resistors necessary at a 
voltage divider network, the screen grids are usually fed through a com¬ 
paratively low-wattage carbon resistor directly from the high-voltage 
B power supply source. Resistors Rs and Re of Fig. 14-9 are used for 
this purpose. 

Screen-grid R-f By-pass Capacitors. Capacitors C% and Cm of Fig. 
14-9 are sometimes referred to as the screen-grid r-f by-pass capacitors 
because they by-pass the r-f currents to ground instead of permitting 
these currents to flow through the screen-grid voltage-dropping resistors 
and on through the B power supply. Since the power supply acts as a 
common coupling impedance for all plate and screen-grid currents, any 
r-f currents flowing through the power source may cause trouble. Capac¬ 
itors C% and Cio may therefore also be called decoupling capacitors; in 
fact the combination of 2?4 and C% is often referred to as a decoupling 
circuit. 

Tone Control. The potentiometer Rie and the capacitor Cu in Fig. 
14-9 serve as a tone-control circuit. It should be observed that these 
two circuit elements are connected in series and that they provide a 
path to ground for a portion of the a-f current. The value of Cu is such 
that only the higher values of the audio frequencies are shunted to ground. 
The value of R\q determines the percentage of the a-f current that is 
shunted to ground instead of being permitted to flow through the primary 
of the output transformer. Thus, when the value of /?io is made very 
low, only the currents of the low and medium audio frequencies will pass 
through the output transformer and hence the loudspeaker accentuates 
the bass notes. By increasing the vaipe of /2io, the higher frequency notes 
approach their normal strength and the bass is no longer accentuated. 

Line Filter Capacitor. In receivers operated from power lines, it is 
common practice to connect a capacitor from one input; wire to 
ground as indicated by capacitor Cn in Fig. 14-9. The purpose of this 
capacitor is to by-pass any line voltage disturbances to ground, so that 
they will have little or no effect upon the operation of the receiver. 

Receiver Power Switch. In many receivers, the control of the power 
source is obtained by use of a spst switch. This switch is connected in 
series with the power source. The switch is generally mounted on the 
back of the volume control and is operated by the same shaft and knob 
used to control the volume. 

14-6. The Superheterodyne Receiver. Definitions. From the IRE 
definitions of terms: (1) superheterodyne reception is a form of heterodyne 
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reception in which one or more frequency changes take place before detec¬ 
tion, (2) heterodyne reception (beat reception) is the process of operation 
on radio waves to obtain similarly modulated waves of different fre- 
(luency; in general, this process includes the use of a locally generated 
wave, which determines the change of frequency. 

A superheterodyne receiver may thus be defined as one in which one or 
more changes of frequency are produced before the a-f signal is extracted 
from the modulated wave. However, the name superheterodyne is 
generally applied to receivers in which only one frequency change is made 
before a-f detection takes place, while a receiver using two intermediate 
frequencies is usually called a double superheterodyne receiver. As the 
average a-m broadcast receiver is required to operate at only compara¬ 
tively low frequencies (550 to 1000 kc), there is no advantage of practical 
value in having two or more r-f frequency changes. The following dis¬ 
cussion will be limited to a-m broadcast receiver circuits and therefore 
only the single superheterodyne circuit will be presented. 

Advantages of the Superheterodyne Receiver, In the development of 
radio receivers, two types of receiving circuits have had outstanding use. 
They are the tunod-radio-frequency receiver (Art. 14-4) and the super¬ 
heterodyne receiver. While both of these types have found considerable 
use, the superheterodyne has a number of advantages that have resulted 
in almost universal use of the superheterodyne circuit for average broad¬ 
cast receivers. Its advantages over the trf receiver are (1) improved 
selectivity in terms of stations on adjacent channels, (2) more uniform 
selectivity over the broadcast band, (3) improved stability of operation, 
(4)»the fact that a large portion of its amplification is obtained at a single 
(i-f) frequency instead of over the entire r-f range of the receiver, (5) 
higher gain per stage due to obtaining the amplification at the lower 
frequency value of the i-f stages. 

The fundamental principle of the superheterodyne receiver has already 
been stated in Art. 14-3. The block diagram of Fig. 14-8 shows the var¬ 
ious functions performed in the receiver. As some of these functions 
have not been discussed in the previous portions of the text they will now 
be studied. 

14-6. Reception and Preselection. Reception. The function of 
reception is performed at the antenna, as is indicated in the various 
preceding block diagrams. For broadcast reception the antenna may 
be of the simple outdoor type, as shown in Fig. 3-4, or a loop antenna, 
as shown in Fig. 3-5. Because superheterodyne receivers are very sensi¬ 
tive and can thus operate with weak signals, it is possible to obtain 
satisfactory reception of all local stations and some distant stations 
with a loop antenna. In modem receivers, the loop antenna is made 
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small enough to fit inside the receiver cabinet even with the smallest 
portable receivers. 

There are several types of loop-antenna designs. In one type, the 
loop antenna contains both primary and secondary windings, which are 
connected in the same manner as an ordinary r-f antenna coil. The 
primary winding consists of a low number of turns and is made as large 
as the cabinet of the receiver will permit. The secondary has a greater 
number of turns, usually of a smaller size of wire, and may or may not 
be of the same overall dimensions as the primary. In mo st cases only 
the secondary circuit is tuned by use of a variable capacitor. Another 
type of loop antenna has only a single coil, which is connected in a manner 
similar to that of the secondary winding of the ordinary r-f antenna 
transformer. This circuit is tuned by use of a variable capacitor and 
if a fairly large size of wire is used the coil resistance can be kept low, 
thereby producing a high value of Q and obtaining a reasonably high 
value of signal voltage from the desired station. 

The disadvantages of the loop antenna are: (1) the signal voltage 
applied to the grid of the first tube will be lower than if an outdoor 
antenna had been used; (2) the strength of the signal will be affected by 
the position of the loop antenna. The advantages of the loop antenna 
are: (1) unsightly, and sometimes dangerous, outdoor antennas can be 
eliminated; (2) the directional effect may be used to advantage in reducing 
or eliminating noises from local sources. 

Preselection. In superheterodyne receivers, any tuning circuits 
located before frequency conversion takes place are generally referred 
to as preselectors. In Fig. 14-10, preselection takes place at the tuned 
circuit formed by the secondary of Ti and capacitor Ci. It is general 
practice to have at least one preselection stage as just indicated. In the 
more expensive broadcast receivers, and in some short-wave (high- 
frequency) receivers, additional preselection stages are used (see Fig. 
14-13). These additional stages are transformer-coupled r-f amplifiers 
and have been previously discussed. As in the previous cases, these 
r-f amplifiers are generally operated with untuned primaries and tuned 
secondaries and usually employ pentode tubes. The advantages derived 
by the use of preselection are (1) improved selectivity, (2) improved 
image suppression (see Art. 14-11), (3) improved signal-to-noise ratio. 

14-7. Frequency Conversion. Need for the Frequency Converter. 
It is often said that the freque ncy converter is the heart of the super¬ 
heterodyne receiver.^ This is readily understandable, since the advan¬ 
tages of the superheterodyne receiver are gained by reducing the 
frequency of the various r-f input signals to a constant i-f signal. This 
change in frequency is accomplished at thoi frequency converter^ sometimes 
called the mixer or first detector. 
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Methods of Obtaining Frequency Conversion. The process of obtaining 
frequency conversion rcciiiiros three fundamental functions, namely, 
oscillation, mixing, and detection. An oscillator circuit, generally 
called the local oscillator^ is required to set up a frequency differing in 
value from the signal frequency in order to produce a heterodyne action. 
A mixer is required to obtain a new frequency by combining the signal 
frequency with that of the local oscillator through heterodyne action. 
As detector action is required to extract the beat frequencies obtained 
by the heterodyne action, the mixer is also called the first detector. 

Explanation of the Fundamental Functions. The local oscillator cir¬ 
cuits are either similar to or are merely variations of the fundamental 
oscillators presented in Chap X. The oscillator may employ a separate 
vacuum tube or it may use a portion of the converter tube. Two impor¬ 
tant considerations in the oscillator circuit are (1) to sustain oscillation 
over the entire frequency range, (2) to avoid having the increase in the 
oscillator output voltage (as the oscillator frequency is increased) drive 
the grid of the mixer tube positive. If the feedback of the oscillator 
drops too low at the lower values of oscillator frequency, the tube may 
stop oscillating at the lower end of the frequency range. This may be 
corrected by increasing the coupling between the oscillator plate and 
grid circuits, but care should be exercised so that the corresponding 
increase in voltage at the higher frequencies does not adversely affect 
the operation of the mixer tube. 

The function of mixing is accomplished by applying both the modu¬ 
lated r-f signal and the unmodulated local oscillator output to the mixer 
tube. There are a number of methods of feeding these two voltages to 
the mixer and several of these are presented in the following discussion. 
In general, when two signal voltages of different frequencies are applied 
to the mixer, the current in the plate circuit will contain many frequencies, 
namely, (1) the original signal frequency, (2) the local oscillator fre¬ 
quency, (3) the sum of the signal and oscillator frequencies, (4) the 
difference of the signal and oscillator frequencies, (5) numerous other fre¬ 
quencies produced by combinations of the fundamentals and harmonics 
of the signal and oscillator frequencies. Of these, the signal, the local 
oscillator, and the sum and difference frequencies will be the strongest. 
The sum and difference frequencies are the result of heterodyne action 
and of these only the difference frequency is used in a-m broadcast band 
superheterodyne receivers. The theory of the heterodyne action was 
presented in Art. 5-7 and the manner in which the difference frequency is 
obtained is illustrated by Fig. 5-16, 

Applying the r-f signal and the local oscillator output voltages to a 
tube does not necessarily result in a beat frequency output. Although 
only the two original frequencies are applied, the envelopes formed by 
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combining these frequencies will be of new values equal to the sum and 
difference of the two. The detector action of the converter tube makes 
it possible to obtain the envelope frequencies in the output circuit. Thc^ 
first detector tube is usually operated on a nonlinear portion of its charac¬ 
teristic curve and operates as a plate detector (see Art. 5-3). The output 
of the detector will contain the same Or-f signal modulation that was 
present in the original r-f signal input. 

Conversion Gain. In addition to the functions of mixing and detec¬ 
tion, a certain amount of i-f amplification also takes place during the 
process of frequency conversion. The ratio of the i-f voltage developed 
in the output of the converter to the r-f signal input voltage is called the 
conversion gain, or conversion efficiency. The voltage amplification 
obtained at the converter varies from about 0.3 to 0.5 times the value 
which would be obtained with a similar tube operated as an i-f amplifier. 
For example, a tube that could produce a voltage amplification of 100 
when operated as an i-f amplifier will only provide a voltage amplification 
of from 30 to 50 when operated as a frequency converter. 

14-8. Frequency Converter Circuits. In the development of super¬ 
heterodyne receivers, numerous circuits designed to obtain frequency 
conversion have been introduced. Some circuits require the use of two 
tubes, while others accomplish the purpose with a single tube. As the 
variety of circuits is vast, only the fundamental and the commonly used 
circuits will be presented. A more extensive treatment of frequency 
converters can be obtained from the references listed at the end of this 
chapter. 

Simple Converter Circuits. The first superheterodyne receivers used 
separate tubes for the oscillator and the mixer or first detector as shown 
in Fig. 14-10. Although the tubes illustrated in Fig. 14-10 are triodes, 
tetrodes and pentodes may also be used. The circuits in both figures are 
identical except for the manner in which the oscillator output is coupled 
to the mixer. In Fig. 14-lOa the oscillator output is inductively coupled 
to the mixer at Ta and in Fig. 14-105 the output is capacitively 
coupled by means of capacitor Ci. 

It should be observed that both the r-f signal and the oscillator output 
are applied to the control grid. The electron stream flowing from the 
cathode to the plate will thus be affected by both voltages. With the 
proper amount of grid bias, VTi can be operated as a plate detector. 
As the current in the plate circuit of VTi contains numerous frequencies 
and as only the difference frequency is desired, the double-tuned trans¬ 
former Tz is tuned to the desired i-f value. Because of the excellent 
selectivity of the double-tuned i-f transformer (see Art. 7-6), only the 
desired frequency is passed on to the succeeding circuits, all other fre- 
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quencies being by-passed through capacitor Ci. This circuit is no longer 
used to any great extent because of its disadvantages, which are: (1) 
the tuning of one circuit affects the tuning of the second circuit, which 
sometimes causes the two circuits to lock together, thereby making it 
difficult to track the two circuits; (2) the increase of the oscillator output 
voltage with an increase in the oscillator frequency may drive the grid 
of VTi positive and thereby cause unsatisfactory operation of the circuit. 

Among the methods used to avoid the difficulties present when both 
the r-f signal and the oscillator voltage are applied to the same grid as in 
Fig. 14-10, are (1) using a tetrode for the mixer and applying the r-f 
signal to grid 1 and the oscillator output to grid 2; (2) using a pentode for 
the mixer and applying the r-f signal to grid 1, the oscillator output to 
grid 3, and connecting grid 2 to B+ to provide shielding action between 
the r-f signal input at grid 1 and the oscillator input at grid 3. 

Pentagrid Converters. The functions of oscillation and mixing can be 
accomplished in a single tube by providing a cathode, a plate, and five 
grids in a single envelope. Such a tube is commonly called a pentagrid 
converter. There are two fundamental types of pentagrid converter 
tubes, differing chiefly in the order in which the grids are used for their 
various functions. The two types of pentagrid converters are represented 
by the 6A8 and the 6SA7 respectively. 

14-9. Pentagrid Converter—^Type 6A8. Tube Electrodes. In the 
type 6A8 tube the order of the grids numbered from the cathode out are 
(1) oscillator grid, (2) oscillator anode, (3) inner screen grid, (4) r-f 
signal control grid, (5) outer screen grid. Actually, grid 2 consists of 
only two vertical side rods, the usual horizontal grid wires being omitted, 
but it is shown as a grid for convenience of drawing. Grids 3 and 5 are 
connected together internally and a single lead is brought out to one of 
the base pins. 

Operation of the Tube. The diagram of a converter circuit using this 
type of tube is illustrated in Fig. 14-11. The tube operates in the follow¬ 
ing manner. The cathode, grid 1, and grid 2 are connected to the exter¬ 
nal circuit in such a manner that they operate as a triode oscillator, with 
grid 1 serving as the oscillator grid and grid 2 as the oscillator anode or 
plate. The stream of electrons leaving the cathode and flowing toward 
the plate will be modulated by the oscillator voltage at grid 1, Because 
of the constructional features of grid 2, only about one-thirii of the elec¬ 
trons leaving the cathode will return by way of the oscillator anode. 
The remainder of the electrons will flow past the oscillator portion of the 
tube and on toward the plate. In view of the foregoing explanation, 
the cathode and grids 1 and 2 may be considered as a composite cathode 
suppl 3 ring a streiun of electrons varying at a frequency determined by the 
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tuned circuit of the oscillator. Grid 3 is connected to B+ and its func¬ 
tion is to accelerate the flow of electrons. Grid 4 serves as a control grid 
and is connected to the r-f signal source, thereby producing an additional 
control on the electron stream flowing from the cathode to the plate. 
Grid 5 is connected to B+ and its function is to accelerate the flow of 
electrons. As the screen grids 3 and 6 are operated at a lower voltage 
than the plate, they serve chiefly as an accelerating force, the higher 
plate potential causing the majority of the electrons to flow through the 



Fiq. 14-11.—Frequency converter circuit using a pentagrid converter tube similar to the 

type 6A8. 

plate circuit. Grids 3 and 5 serve the additional function of shielding 
grid 4 from the other electrodes of the tube. This method of coupling 
the r-f signal and oscillator output is referred to as electron coupling. 

Operation of the Circuit. The circuit of Fig. 14-11 operates in the 
foh wing manner. The r-f signals are received at the primary of the 
r-f transformer T\, and selection of the desired station is made by means 
of the tuning circuit consisting of the secondary of Ti and capacitor C\. 
The r-f signal voltage of the selected station is applied to grid 4, where it 
modulates the electron stream flowing from the cathode to the plate of 
the tube. The local oscillator employs a simple tuned-grid feedback 
oscillator circuit. The oscillator frequency is controlled by the grid 
tank circuit, consisting of the coil Lg and capacitor Ct] capacitor C< is a 
padder used for alig ning the oscillator circuit as described in Art. 14-16. 
The feedback necessary to produce and sustain oscillations is obtained 
from the cdl Lr in the oscillator plate circuit. Resistor JSt and capadtor 
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provide the bias for the oscillator portion of the converter. Resistor 
Ri and capacitor Cz provide the bias for the tetrode mixer portion of the 
converter. Resistor R 2 is a voltage-dropping resistor used to obtain the 
proper voltage at the oscillator anode, and together with capacitor Ca 
also acts as a filter circuit. Resistor Ra is a screen-grid voltage-dropping 
resistor and together with capacitor Ci also serves as a screen-grid filter 
circuit. The plate current, from which the output of the converter is 
obtained, is fed through the primary of the doubly tuned i-f transformer 
T 3 . Because of the band-pass tuning characteristics of the i-f trans¬ 
former, only the desired frequency appears at the output terminals of Tz. 

Characteristics of the Circuit, Three minor disadvantages of this 
type of frequency converter circuit are: ( 1 ) the oscillator frequency will 
vary slightly with variations in the bias of the tetrode section; ( 2 ) some 
oscillator-frequency current may flow in the r-f signal circuit, thereby 
overloading the r-f signal grid and reducing the conversion eflSiciency; 

( 3 ) the low transconductance of the oscillator section affects the operation 
of the oscillator at high frequencies. These effects can be minimized by 
modifying the construction of the tube, as is done in the type 6SA7. 

Other pentagrid converter tubes of the 6 A 8 type are the 1A6, 1A7-G, 
1 C 6 , 1C7-G, 1D7-G, 2A7, 6A7, 6 D 8 -G, 7B8, and 12A8-GT. 

14-10. Pentagrid Converter—^Type 6SA7. Tube Electrodes, In the 
type 6SA7 tube the order of the grids numbered from the cathode out 
are (1) oscillator grid, (2) inner screen grid, (3) r-f signal control grid, 

(4) outer screen grid, (5) suppressor grid. (Grids 2 and 4 combined 
serve as a composite anode of the oscillator triode.) In addition, a pair 
of collector plates are mounted on the side rods of grid 2 . Grids 2 and 4 
are connected together internally and a single lead is brought out to one 
of the base pins. 

Operation of the Tube, The diagram of a converter circuit using this 
type of tube is illustrated in Fig. 14-12. The tube operates in the follow¬ 
ing manner. The cathode, grid 1 , and grids 2 and 4 are connected to tb ^ 
external circuit in such a manner that they operate as a triode oscillator, 
with grid 1 serving as the oscillator grid and grids 2 and *4 serving as a 
composite anode for the oscillator. The stream of electrons leaving the 
cathode and flowing toward the plate will be modulated by the oscillator 
voltage at grid 1 . Some of the electrons upon passing grid 1 will return 
to the cathode by way of grid 2 . The remainder of the electrons will be 
drawn on toward grid 4 because of their acceleration and because of the 
positive potential of grid 4. However, before reaching grid 4 the elec¬ 
tron stream will be further modulated by the r-f signal voltage at grid 3. 
As grid 3 is generally biased negatively, some electrons will be driven 
back toward the cathode. If these electrons succeed in reaching the 
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space charge area about the cathode they will cause a change in the 
amount of cathode current. However, before reaching the space charge 
area these electrons are attracted to the positive collector plates mounted 
on the side rods of grid 2 and are returned to the cathode through the B 
power supply. Thus the collector plates help to maintain the cathode 
current practically constant, which is one of the important advantages of 
this type of converter tube. Thus far it has been shown that the electron 
stream in its travel from the cathode toward grid 4 has been modulated 
by both the oscillator and r-f signal voltages. Of those electrons which 



Fig. 1'4-12.—Frequency converter circuit using a pentagrid convertor tube similar to the 

type 6SA7. 

pass grid 3, some will return to the cathode by way of grid 4 and the 
remainder by way of the plate circuit. The r-f signal voltage at grid 3 
produces variations in the plate current, which is of course essential to 
the operation of the converter circuit. As the signal voltage at grid 3 
also produces an approximately equal change in the current of grid 4 but 
opposite in direction to the plate current change, the cathode current will 
not be affected to any appreciable extent by changes in the r-f signal 
voltage. Grid 5 acts as a suppressor grid and may be connected directly 
to the cathode or to ground. Its function is similar to the suppressor 
grid in a pentode. 

Operation of the Circuit. The circuit of Fig. 14-12 operates in the 
following manner. The ivf signals are received at the primary of the r-f 
transformer Ti and selection of the desired station is made by means of 
,the tuning circuit consisting of the secondary of Tx and capacitor Cx. 
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The r-f signal voltage of the selected station is applied to grid 3, where it 
modulates the electron stream flowing from the cathode to the plate of 
the tube. -The local oscillator is a variation of the Hartley circuit. The 
oscillator coil T 2 is an autotransformer connected so that any variations 
in the cathode current flowing through section AB will induce a voltage in 
section BC. This induced voltage is applied to the oscillator grid and 
provides the feedback necessary to produce and sustain oscillations. The 
oscillator frequency is determined by the tuned circuit formed by the 
oscillator coil T 2 and capacitors C 2 and Cs. The oscillator grid bias is 
obtained by means of resistor Ri and capacitor C 4 . Capacitor Cb is used 
to prevent short-circuiting the avc voltage to ground. Resistor R 2 is a 
screen-grid voltage-dropping resistor and together with capacitor Ce also 
serves as a screen-grid filter circuit. The plate current, from which the 
output of the converter is obtained, is fed through the primary of the 
doubly tuned i-f transformer Tz. Because of the band-pass tuning 
characteristics of the i-f transformer, only the desired frequency appears 
at the output terminals of Tz. 

Chardcteristics of the Circuit The advantages of this type of converter 
circuit are:*(l) the r-f signal voltage has practically no effect upon the 
cathode current, hence variations in the avc bias applied to the r-f input 
will not cause any detuning of the oscillator; (2) the use of a suppressor 
grid increases the plate resistance and thereby increases the conversion 
efficiency of the tube and circuit. This type of tube and its associated 
circuit is used extensively with a-c/d-c receivers for both single broadcast 
band and all-wave receivers. Other pentagrid converter tubes of the 
6SA7 type are the 1R5, 12SA7, 7Q7, and 14Q7. 

14-11. The Intennediate-frequency Characteristics. Frequencies 
Present at the Converter, When the r-f signal and the oscillator output 
are combined, the output current of the first detector will contain (1) the 
r-f signal frequency, (2) the oscillator frequency, (3) the sum of the r-f 
signal and oscillator frequencies, (4) the difference of the r-f signal and 
oscillator frequencies, (5) numerous other frequencies produced by com¬ 
binations of the fundamentals and harmonics of the r-f signal and oscil¬ 
lator frequencies. For example, if a receiver has its r-f circuit tuned to 
550 kc and its oscillator is tuned to 1015 kc, the frequencies appearing at 
the first detector output will be 550,1015,1565, and 465 kc and harmonics 
of these frequencies. Of these, only the difference frequency of 465 kc is 
desired; the reason for using the difference frequency will soon become 
apparent. As the output of the first detector is fed directly to the hi^y 
selective i-f amplifier, tuning this amplifier to 465 kc will result in accept¬ 
ance of the 465-kc currents and rejection of the cum^ts of all other 
frequencies. 
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Image-frequency Signals, It is possible that with a certain value of 
oscillator frequency the desired value of i-f can be obtained from two 
different carrier frequencies at the same time. For example, an r-f signal 
of 550 kc and an oscillator frequency of 1015 kc will produce an i-f signal of 
465 kc. It is also possible to obtain a 465-kc i-f signal with the same 
oscillator frequency if an r-f signal of 1480 kc reaches the first detector. 
Of these two 466-kc i-f signals only one is desired; the undesired signal is 
called the image-frequency signal. The effect of image-frequency signals 
may be minimized or eliminated by providing one or more stages of r-f 
tuning or preselection. The ratio of the output from the desired r-f 
signal to that from the undesired r-f signal is called the signal-to-image 
ratio or simply the image ratio. The effect of image frequency signals is 
present mostly in short-wave receivers operating at high frequencies and 
in receivers designed to operate at a low i-f value. 

Choice of the Intermediate-frequency Value. Throughout the develop¬ 
ment of superheterodyne receivers a wide range of values have been used 
for the intermediate frequency At the start, values as low as 50 kc were 
used, and in short-wave receivers values of several megacycles may be 
used. In receivers intended for use on the broadcast band only, the i-f 
values range from approximately 130 to 485 kc the value varying with the 
manufacturer and the design of the receiver. Among the values of i-f 
used for broadcast receivers are, 130, 175, 262, 345, 450, 455, 456, 460, 
465, 470, and 485 kc. The majority of home receivers use either 455, 
456, or 465 kc, while many receivers designed for use in automobiles 
employ an i-f value of either 175 or 262 kc. 

The choice of frequency for the i-f is affected by a number of factors. 
Two important factors are (1) the tuning ratio, (2) selectivity. 

Tuning Ratio, The purpose of the converter is to combine the 
variable r-f signal input wdth the variable oscillator frequency and thereby 
obtain a constant frequency output from the converter. This can best 
be accomplished by increasing the oscillator frequency by the same 
amount that the frequency of the preselector circuit is increased. Under 
this condition the difference in frequency between the r-f input and the 
oscillator can be maintained practically constant. The intermediate 
frequency can be obtained by making the oscillator frequency either 
higher or lower than the r-f signal by the amount of the i-f desired. In 
broadcast receivers it is almost universal practice to make the oscillator 
frequency higher than the r-f signal. In short-wave receivers the oscil¬ 
lator frequency may be made either higher or lower than the r-f signal. 
By making the oscillator frequency of a broadcast receiver higher than 
the If-ninjaaTii becomes possibjfe obtain a more desirable frequency 
range for the oscillator, as is illus^^ by the following example. If it 
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is desired to have a receiver operate over an r«f range of 550 to IGOO kc and 
maintain a 465-kc intermediate frequency, the oscillator will have to be 
tuned from 85 to 1135 kc if the oscillator frequency is to be lower than the 
r-f signal or from 1015 to 2065 kc if the oscillator frequency is to be 
higher than the r-f signal. With the lower oscillator frequency the 
required tuning ratio is approximately 13 to 1 while for the high frequency 
the ratio is approximately only 2 to 1. It is thus obvious why broadcast 
receivers are designed to have the oscillator frequency higher than the 
r-f signal input. 

Selectivity. The use of low i-f values, that is, in the order of 130, 175, 
and 262 kc, has the advantage of improved selectivity of stations on 
adjacent broadcast channels. This becomes apparent when the differ¬ 
ence in frequency between stations on adjacent channels is expressed as a 
percentage of the frequency at which tuning and amplification take place. 
As adjacent broadcast transmitter frequencies may be as little as 10 kc 
apart, this percentage for an i-f of 175 kc is 5.7 per cent, for 262 kc it is 
3.8 per cent, and for 465 kc it is 2.1 per cent. Incidentally, this provides 
an excellent means of showing one advantage of the superheterodyne 
over the trf* receiver where the percentage is 1.8 at the lower frequency 
limit of 550 kc and only 0.625 per cent at the upper frequency limit of 
1600 kc. Use of low i-f values, however, results in greater possibility of 
image-frequency interference because the image frequency gets closer to 
the desired station frequency as the i-f value is reduced. Accordingly, 
most manufacturers of broadcast receivers now use i-f values of approxi¬ 
mately 450 to 470 kc. It is interesting to note that most i-f values are 
odd numbers such as 456, 465, 472.5, etc., in preference to such values as 
450, 460, and 470. Use of the odd-number values reduces the possibility 
of two transmitter carrier frequencies heterodyning with one another and 
producing a signal of the same value as the intermediate frequency, 
which, of course, would cause interference with the signal of the desired 
carrier wave. 

Spurious Responses. There are some additional sources of interfer¬ 
ence sometimes present in superheterodyne receivers. These are usually 
due to the effects of harmonics generated in some portion of the receiver, 
which find their way to the i-f input. These interferences are generally 
referred to as spurious responses. Among the possible causes of spurious 
responses are: (1) harmonics of the intermediate frequency generated by 
the a-f detector (sometimes called the second detector) that may find 
their way back to the r-f circuit or to the i-f input through stray coupling 
or feedback; (2) harmonics of an r-f signal generated by the first detector, 
particularly the second harmonics of stations with carrier frequencies of 
from 650 to 800 kc; (3) harmonics of the oscillator, which may beat with 
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may be operated from either an a-c or a d-c power line of the proper 
voltage. Figure 14-14 illustrates the circuit diagram of such a receiver. 
The tubes used in this receiver have higher heater-voltage ratings than 
the tubes used in receivers employing power transformers. The tubes 
of this circuit have identical current ratings and their heater-voltage 
ratings add up to approximately 117 volts. It is therefore possible to 
connect the heaters in series and operate the circuit directly from the 
power line. The plate circuit of the rectifier tube is also operated directly 


Table XIV-IIT.— Values of the Circuit IClements of Fig. 14-14 


Ri — 470 ohms 
Ra - 470,000 ohms 
Ri = 220,000 ohms 
Rio — 1000 ohms 
Rii = 470,000 ohms 
= 1200 ohms 


Ri — megohms 
Rb “ 470 ohms 
R» — 2.2 megohms 
Rn = 5.6 megohms 
Ria = 150 ohms 
Ri 7 — 18 ohms 


Rs = 22,000 ohms 
Ro — 47,000 ohms 
Ro — 2 megohms 
i2i2 = 470,000 ohms 
= 39 ohms 


Cl = 0.01 /if 

C2 = 6-426 /i/if 

C, = 1.5-15 MMf 

Ca * 13-139 At/if 

Cb = 3-30 /i/if 

C. = 0.1 Mf 

C 7 = 47 /i/if 

Ca = 130-170 /i/if 

C, = 130-170 

Cio = 130-170 /i/if 

Cn * 130-170 /i/if 

Cii = 0.05 fd 

Cit ~ 0.05 /if 

Cj4 = 330 /i/if 

Cib ^ 100 /1/if 

C 16 = 0.005 /if 

Cl 7 « 0.01 /if 

C 18 = 150 /i/if 

Ci9 = 0.01 /if 

C 20 =® 0.01 /if 

C 21 = 0.1 /if 

C 22 ~ 40 /if 

C 2 S = 50 /if 

C 24 = 50 /if 

VTi - 12SA7 

VT2 = 12SG7 

VTz = 12SQ7 

VTa = 50L6-GT 

VTb * 35Z5-GT/G 

PL = 47 pilot lamp 


from the power line and the power transformer may therefore be elimi¬ 
nated. Such circuits generally operate equally well on a-c or d-c power 
lines and are called a-c/d-c receivers. The fundamentals of superhetero¬ 
dyne principles and operation as explained for the circuit of Fig. 14-13 
also apply to the remainder of this receiver circuit. 

14-13. Tuning Indicators. Need for Tuning Indicators. In the 
operation of a highly selective receiver, such as that of Fig. 14-13, it 
should be carefully tuned so that the carrier frequency of the desired 
station is at the center of the response band (see Fig. 13-3). If the 
receiver is not properly tuned the output at the loudspeaker may be 
badly distorted. Various devices have been introduced for indicating 
when a receiver is properly tuned. The electronrray tube, also called a 
magic eye or a cathode-ray indicator tube, is commonly used to indicate 
whether a receiver is properly tuned to the desired station. 

Electron-ray Tube. One type of electron-ray tuning indicator is 
shown in Fig. 14-16. The tube illustrated contains two sections: (1) a 
triode consisting of the cathode, a control grid, and a plate which together 
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function as a d-c amplifier; (2) the fluorescent-coated target and the ray- 
control electrode. The circuit connections for this type tube are illus¬ 
trated in Figs. 14-13 and 14-15d. Electrons from the cathode have two 
paths, one to the triode plate and the other to the fluorescent target. 
The triode plate current is controlled by the voltage of the triode grid, 
and the target current is controlled by the voltage of the ray-control 
electrode. When electrons from the cathode strike the target they cause 
the coating on the target to fluoresce and give off a faint green light. 
When the voltage of the ray-control electrode and the target are of 


Cathode , 
Iio/ht shield 


Target''’ 



Fluotescenf 

coaling 

" Ray-con frol 
electrode 

''Triode 
plate 

Cathode 



’"'Shadow area—.., 


Fluorescent 
area 




Fio. 14-16.—The tuning indicator, (a) Construction of the electron-ray tube, (b] 
indication when the receiver is properly tuned, (c) indication when the receiver is improp¬ 
erly tuned, id) circuit connections. {Photograph courtesy of RCA Manufacturing Co., Inei) 


approximately equal value, the target will be illuminated evenly or may 
have only a very small shaded area, as indicated in Fig. 14-156. When 
the voltage of the ray-control electrode is less than the target voltage, so 
that it is negative with respect to the target, fewer electrons reach the 
target and the fluorescent area decreases as indicated by Fig. 14-15c. 

The tuning indicator tube is mounted in the receiver in such a manner 
that the fluorescent-coated target is visible to the person tuning the 
receiver. When the receiver is being tuned to a station the operator 
should observe the action taking place at this tube. The receiver is 
properly tuned to a station when the shadow appearing on the target 
covers a minimum amount of area (Fig. 14-156). Improper tuning causes 
the shadow to cover a greater area, as is indicated in Fig. 14-15c. 



662 


ESSENTIALS OF RADIO 


[Art. 14-14 


Electrov^ray Indicator Circuit In analyzing the action of the tuning 
indicator in the circuit of Fig. 14-13, it should be observed that the triode 
grid is connected to the avc line. When the receiver is not tuned to a 
station, the avc voltage will be at its minimum value and the plate cur¬ 
rent of the triode section of the tuning indicator will be at its highest 
value. An appreciable voltage drop will be present at the one megohm 
resistor Rio and the ray-control electrode voltage will be considerably 
lower than the voltage at the fluorescent target. This will result in the 
target having a large shaded area. As the receiver tunes in a station, 
the negative voltage at the avc line increases. This negative voltage is 
applied to the triode grid of the tuning indicator and causes a reduction in 
the triode-plate current, which in turn reduces the voltage drop at Rio 
and thereby increases the voltage at the ray-control electrode. This in 
turn increases the current in the fluorescent target, thereby increasing 
the fluorescent area and decreasing the shaded area. As the avc voltage 
reaches its highest negative value when a station is properly tuned, 
because the diode-detector current through R 12 will then be at its highest 
value, the shaded area of the tuning indicator will be at its minimum 
value when the receiver is properly tuned to a desired station. 

Electron-ray tubes of the type just described are represented by the 
6U5/6G5, 6AB5/6N5, and 6E6. There are numerous other applications 
of the electron-ray indicator tubes, especially in the field of measurements. 

14-14. Tracking and Alignment of Receivers. Need for Alignment 
Modem receivers are constructed so that station selection can be obtained 
by turning a single dial (see Art. 6-7). In order to accomplish this, all 
the tuning circuits must be adjusted simultaneously. This is ordinarily 
accomplished by use of ganged capacitors. In the trf receiver of Fig. 
14-9, there are three tuning circuits and thus a three-gang variable 
capacitor is used to obtain single-dial tuning. In the superheterodyne 
receiver of Fig. 14-13, two preselector circuits and the oscillator are tuned 
simultaneously by means of a three-gang capacitor. In order to have a 
receiver properly tuned to a station, each of its tuned circuits must be 
adjusted so that they are resonant to the proper value of frequency. 
When ganged tuning is employed, it is difficult to have two or more tuned 
circuits have their correct resonant frequencies at all points of the dial, 
even with modem precision manufacturing methods. It thus becomes 
necessary that the tuning circuits be provided with means of adjustment 
so that alignment of the circuits will be as nearly uniform as is practically 
possibly over the entire frequency range of the receiver. When this is 
accomplished the circuits are said to be tracking each other. The funda¬ 
mental nrinciples of equalizing the tuning circuits was presented in Art. 
6 - 8 . 
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There are two reasons why a receiver should be carefully aligned, 
{first, correct aligjiment is necessary in order to obtain the best possible 
performance of the receiver. Second, proper alignment is required in 
order to calibrate the receiver dial, that is, to have it receive a desired 
station at its designated position on the dial. 

Method of Aligning a Receiver. Accurate alignment can best be 
accomplished by use of a signal generator and a meter or other device that 
will indicate the strength of the output signal of the receiver. The signal 
generator should have a calibrated variable r-f output of suflScient 
frequency range to check all the frequencies at which the receiver is to 
operate. The signal generator should also be provided with a means of 
modulating its r-f output with an a-f signal of constant value, preferably 
in the order of 400 cycles. As the procedure in aligning a receiver is 
based on obtaining the maximum output for a given setting of the 
receiver, the device for indicating the output need only indicate whether 
maximum output is being obtained. Among the devices used for obtain¬ 
ing an indication of the relative value of the output are (1) an output 
meter, (2) a magic-eye tuning indicator, especially if it is already a part 
of the receiver circuit, (3) a vacuum-tube voltmeter, (4) a cathode-ray 
oscilloscope. 

When the output of a signal generator is applied to the antenna and 
ground terminals of a receiver for the purpose of aligning the receiver, 
it is usually desirable to connect a small capacitor between the high-side 
terminal of the signal generator and the antenna terminal of the receiver. 
This capacitor is used to make allowance for the antenna that is normally 
connected to the receiver and is therefore called a dummy antenna; 
for broadcast receivers a 200-MMf capacitor is recommended. If the 
receiver has a loop antenna, the signal generator output may be coupled 
to the receiver by connecting a piece of wire about two feet in length to 
the high-side terminal of the signal generator. This wire is not connected 
to the receiver but acts as an antenna and should be kept about two feet 
from the receiver’s loop antenna. 

In general, the procedure in aligning a receiver is to apply the modu¬ 
lated r-f output of a signal generator to the receiver through a dummy 
antenna and to connect an output meter at the loudspeaker. With the 
receiver and the signal generator tuned to the same frequency, the tuning 
circuits are adjusted so that maximum output is obtained. Specific 
alignment procedure is given in the two following articles. 

14-16. Aligning the TRF Receiver. Aligning the trf receiver is a 
relatively simple task because all its tuning circuits are to be adjusted to 
the same frequency. Thus in th6 circuit of Fig. 14-9, the inductance of 
each of the tuned circuits is of the same value and identical tuning capaci- 
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tors are used The adjustments need then only compensate for minor 
vaiiations in capacitance and inductance 

A convenient procedure m aligning the receiver of Fig 14-9 is to 
connect the output of a signal generator (through a dummy antenna) to 
the antenna and ground terminals of the leceivei An output meter is 
also connected across the secondary side of the output transformer 
With power applied to both the signal generator and the radio receiver, 
set the receiver dial to about 90 per cent of its maximum frequency 



range, for example, 1400 kc, and turn the receiver’s volume control on 
full Then adjust the frequency of the signal generator to 1400 kc and 
increase its signal strength until an indication appears on the output 
meter With this setting, adjust each of the trimmer capacitors (C 4 , Cb, 
and Cb) in turn until maximum output is indicated on the output meter. 
As the receiver becomes more sensitive and its output increases in ampli¬ 
tude, the strength of the output of the signal generator should be reduced. 
The adjustment of the trimmer capacitors should be made at the high- 
frequency end of the receiver dial because the capacitance of the circuit is 
lowest at this frequency and the trimmer adjustment will thus be most 
sensitive at the high-frequency end of the dial. 

If the end rotor plates of the variable capacitors are slotted (see Art. 
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6-8 and Fig 6-16), alignment may be made at several other points on the 
dial by changing the frequency setting of both the receiver and the signal 
generator and adjusting for maximum output by bending the slotted 
rotor pktesT" 

Aligning the Superheterod]me Receiver. Procedure. Align¬ 
ing a superheterodyne receiver is more difficult than aligning a trf receiver 
because the tuned circuits of the supiei heterodyne receiver do not all 



Fig. 14-17.—Bottom view showing the parts used m a radio receiver. {Courtesy of PhUco 

Corporation ) 


operate at the same value of frequency. Instead, three tuned circuits, 
namely, the i-f, oscillator, and r-f circuits, must each be adjusted to a 
different value of frequency. 

In aligning superheterodyne receivers, the following procedure may 
be used First adjust the tuned circuit nearest the a-f output of the 
receiver and then work back toward the antenna. In the average 
superheterodyne receiver, the order in which the circuits are aligned is 
(1) the i-f amplifier circuit, (2) the oscillator circuit, (3) the r-f or preselec¬ 
tor circuits. 


Aligning the Intermediate-frequency Amplifier Circuits, When tuning 
th e i-f circuits, t he local pscilla to r and the avc should b e made inoperative. 
In t!ie circuit of Fig. 14-13 this may be done by (l)"^ort^rcuIfmg^ 
oscillator tuning capacitor Cn, (2) short-circuiting the avc capacitor Cs. 
The output meter is connected across the secondary terminals of t^ie 
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output transformer and can remain there throughout the entire align¬ 
ment and tracking procedure. The signal generator is connected with 
its ground terminal to the chassis of the receiver and its high-side terminal 
connected through a 0.01-/xf capacitor to the control grid of VT 3 , The 
receiver volume control should be turned on full, the signal generator 
frequency set to correspond with the i-f value recommended for the 
receiver, and the signal generator output turned up just enough to 
produce an indication on the output meter. The trimmer capacitors 
C 20 and C 21 are then adjusted to obtain maximum indication on the output 
meter. When the i-f transformer is properly adjusted, the next step 
is to adjust i-f transformer ^ 4 . This may be done by applying the output 
of the signal generator to the r-f control grid of VT 2 and then proceeding 
to adjust the trimmer capacitors Cu and Cn until maximum indication is 
obtained on the output meter. If the output indication becomes too 
high for the meter, it should be reduced by decreasing the amplitude of 
the output of the signal generator. It cannot be too strongly emphasized 
that, in order to obtain satisfactory tracking and overall operation of the 
receiver, the frequency to which the i-f circuits are adjusted must cor¬ 
respond exactly with the value recommended by the manufacturer of the 
receiver. The correct i-f value for a receiver may be obtained from some 
markings or diagram supplied with the receiver or from a service manual. 

Aligning the Oscillator and Radichfrequency Circuits. In order to align 
the oscillator it is necessary to remove the short circuit at the oscillator 
tuning capacitor C 13 , which had been placed there when adjusting the 
i-f circuits. With the signal generator still connected to the r-f control 
grid of VT 2 y set the receiver dial and the signal generator frequency each 
to a value near 1400 kc, but not to a point at which a station is received, 
and adjust the oscillator trimmer capacitor Cu to obtain maximum 
indication on the output meter. With the tuning dial of the receiver 
and the signal generator frequency at the same setting, apply the signal 
generator output to the antenna terminal of the receiver through a 200 -/i/if 
capacitor and adjust trimmer capacitors C% and C2 until maximum indica¬ 
tion is obtained on the output meter. It would also have been possible 
to adjust the local oscillator and the two preselector circuits with the 
signal generator output connected to the antenna terminal through a 
200 -MMf capacitor and, with the receiver and signal generator set near 
1400 kc, then progressively adjust the trimmer capacitors Cu, Cs, and C 2 
to obtain maximum indication on the output meter. 

The local oscillator must also be adjusted for some value at the low- 
frequency end of the dial. It is generally desirable to make the low- 
frequency adjustment at about 1 0 per ce n^above the minimum frequency 
ofj^e receiver; in fact, most manulacturers recommend a^g^ific mlue 
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at which the low-frequency range tracking should be adjusted. This 
information is usually obtained from a service manual. As no specific 
value is given for the circuit of Fig. 14-13, 600 kc will be a convenient 
value. Accordingly, the low-frequency alignment may be made by 
setting the receiver dial and the signal generator frequency at 600 kc. 
The oscillator padding capacitor Cu is then adjusted to obtain maximum 
indication on the output meter, while gently rocking the ganged capacitor 
back and forth to keep the signal tuned in. T he low -fr equ ency adjust¬ 
ment should be made only at the padder capacitor and no adjusting is 
to be done at the trimmer capacitors. 

It is considered good pra,ctice to recheck the high-frequency setting 
after completing the low-frequency adjustments and make any corrections 
necessary. Although the use of tuning capacitors with slotted rotor 
plates makes it possible to make an additional adjustment at about the 
middle of the frequency range, most superheterodyne receivers will be 
found to track satisfactorily if they are carefully aligned at the high- 
and low-frequency ends. 

Methods of A ligning the Oscillator and Radichfrequency Circuits. There 
are two commonly used methods of making the oscillator circuit of the 
superheterodyne receiver track with the preselector circuits. One 
method is to use a padder capacitor as in the circuit of Fig. 14-13. In 
the second method, sometimes called the cut-plate method, the variable 
capacitor used to tune the oscillator circuit has a lower value of capaci¬ 
tance than the capacitor used in the r-f tuning circuits. 

In the method that employs a padder capacitor, all the ganged tuning 
capacitors are of the same construction. Because the oscillator is tuned 
to a higher frequency, but over an identical span in kilocycles, the ratio 
of high- to low-frequency values is less for the oscillator than for the r-f 
circuits. For example, to cover the broadcast band of from 550 to 1600 
kc the frequency range of the r-f circuits is almost 3 to 1. With an inter¬ 
mediate frequency of 465 kc the oscillator frequency range is from 1015 
to 2065 kc or approximately 2 to 1. IjUshpul.d be apparent that the 
capacitors used to tune the r-f circuits must have a greater range than the 
capacitor used to tune the oscillator. In order to use identical capacitors 
for all the tuning circuits, something must be done to reduce the range of 
the capacitor used to tune the oscillator circuit. Connecting another 
capacitor, called a padder capacitor, in series with the original tuning 
capacitor will reduce the ratio of the maximum to minimum values of the 
series combination. This may readily be verified by reference to Exam¬ 
ples 6-9 and 6-10 in Art. 6-6. Radio receivers may be designed so that 
exact tracking will be obtained at three frequencies in the band and will 
also provide satisfactory tracking over the remainder of the band. In 
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order to provide a means of making tracking adjustments the padding 
capacitor is made adjustable. The capacitance required for the padder 
is in the order of 350 ju/if for a 465-kc i-f, and nearly 1000 /xMf for an i-f of 
175 kc. When alngh value of capacitance is required for th^adder and 
only a small amount of variation is needed, some receivers use a fixed 
capacitor shunted by a suitable small trimmer for this purpose. 

In the cut-plate method, the shape of the rotor plates of the oscillator 
tuning capacitor is different from those of the r-f tuning capacitors. 
By properly designing the shapes of the rotor plates it is possible to 
achieve proper tracking of the oscillator circuit without the need of a 
padding capacitor. The disadvantages of this method are: (1) cost of 



Fia. 14-18.—Block dia^am of a frequency-modulation receiver. 


manufacture is higher; (2) it is not satisfactory for use in multiband 
receivers; (3) the capacitors can usually only be used for receivers with 
the same i-f value; (4) in some instances the capacitors can only be used 
for one circuit design; (5) it is more difficult to make service adjustments 
than with the padder-capacitor method. 

14-17. Fundamental Principles of Frequency-modulation Receivers. 
Essential Functions, In general, the f-m receiver is similar in many 
respects to the a-m superheterodyne receiver but its circuits are more 
complex. In addition to performing the same functions as the a-m 
receiver, it has two additional functions, namely, amplitude limiting and 
frequency discrimination. The limiter circuit is largely responsible for 
the noise-free reception obtained with the f-m receiver, and the discrim¬ 
inator serves as the detector which converts the frequency modulations 
into the audio signal. The block diagram of an f-m receiver is illustrated 
in Fig. 14-18. 

Specifically, the f-m receiver differs from the a-m superheterodyne 
receiver in the following respects: (1) the antenna must be well designed, 
carefully constructed, and adjusted at the receiver location; (2) the r-f 
amplifier is usually designed to provide as much gain as possible in addi¬ 
tion to performing the function of preselection; (3) the frequency con¬ 
verter operates at a much higher value of frequency than in an a-m 
receiver, the r-f input being in the order of 100 me and the i-f in the order 
of 3 to 8 me; (4) some f-m receivers employ two stages of frequency 
conversion and two values of i-f in order to obtain better amplification; 
(5) the i-f amplifier is designed to pass a wider band of frequencies 
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(approximately 200 kc); (6) a voltage limiter circuit is provided between 
the i-f amplifier and the discriminator; (7) the discriminator or a-f 
detector is of different design from the a-f or second detector in an a-m 
superheterodyne receiver; (8) the a-f amplifier is designed to provide a 
wider range of frequency response; (9) a loudspeaker that is capable of 
producing high-fidelity production should be provided. 




(a) 


(b) 


Fig. 14-19.—Antenna system for an f-m receiver, (a) Dipole antenna, (6) dipole antenna 

and reflector. 


The Antenna. For the best operation of an f-m receiver, a special 
antenna should be provided. Modem practice is to use a dipole antenna 
of approximately one-half the wavelength of the r-f signals to be received. 
For frequencies in the order of 100 me, the length of the dipole should be 
approximately 4f feet. The line connecting the antenna to the receiver 
should be either a twisted-pair transmission line or a coaxial cable. The 
strength of the signal picked up by the antenna will be greatest when the 
position of the anteima is at right angles to the direction of the trans¬ 
mitting station. It is therefore advisable to consider the location of the 
transmitting stations when installing the antenna. If most of the trans¬ 
mitters are in one general direction, a reflector is sometimes added to the 
antenna installation to increase the strength of the input signal. The 
reflector is merely a rod of one-half wavelength that is placed parallel to 
the dipole antenna and one-quarter wavelength in back of it. A dipole 
antenna and reflector are illustrated in Fig. 14-19. 

Some f-m receivers have a folded dipole antenna, which is mounted in 
the cabinet of the receiver. If such a receiver is used in an area close to 
the majority of the transmitters the antenna will provide satisfactory 
results, but if the receiver is used in a remote area it may become neces¬ 
sary to install the conventional outdoor dipole antenna. Furthermore, 
as f-m reception is limited to practically line-of-sight distances the 
height of the antenna becomes important for receivers located consider¬ 
able distances from the transmitters. 
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The Radio-frequency Section, The combination of the r-f amplifier, 
converter, and i-f amplifier is commonly referred to as the r-f section of 
the receiver. The important overall function of this portion of the 
receiver is to provide sufficient amplification so that the signal voltage 
available at the input of the limiter is high enough to provide satisfactory 
performance of the limiter. 

In general, the r-f amplifier of an f-m receiver is similar to the r-f 
amplifier in an a-m receiver except that it must operate at a much higher 
value of frequency. Vacuum tubes designed for high-frequency opera¬ 
tion should be used in these circuits. Tubes having a high mutual con¬ 
ductance are generally used in the r-f amplifier in order to obtain as much 
gain as possible in the r-f stage, A higher gain in the r-f amplifier reduces 
the amount of gain required in the i-f stage, thereby improving the stabil¬ 
ity of the receiver. 

The converter may be of the conventional single-tube type or it may 
use a pentode mixer and* a separate triode oscillator. The use of a sepa¬ 
rate mixer and oscillator has the advantage of high sensitivity and good 
frequency stability. In order to obtain the high gain desired in the i-f 
stages, some receivers use two converters and the i-f stages have two 
different frequency values. In such receivers, the first converter pro¬ 
duces a new frequency in between the r-f and final i-f values, and some 
amplification is provided at this frequency. The signal is then passed 
through a second converter, which reduces the frequency to the final i-f 
value, and additional amplification is provided at this frequency. The 
output is then passed on to the limiter and discriminator. Circuits 
employing two steps of frequency conversion are sometimes called double 
superheterodyne circuits or triple detector circuits. The oscillator circuits 
are generally provided with a means of compensation for frequency drift 
in order to reduce the frequency variation due to the increase in the tem¬ 
perature of the oscillator circuit components as the receiver warms up. 

The i-f amplifier differs from that in an a-m receiver in that it must 
pass a much wider band of frequencies and also that it operates at a 
higher frequency. It was explained in Art. 13-3 that in the f-m system 
the frequency deviation is 76 kc above and below the center frequency, 
hence the i-f stage of an f-m receiver operates with a frequency variation 
of 160 kc as compared with only 10 kc in the a-m receiver. The band 
width of the i-f amplifier is generally made 200 kc. In order to obtain 
good i-f performance with this wide pass band, the i-f value is made in the 
order of 3 to 12 me. A 200-kc band width at 4 me corresponds to about a 
23-kc band width at 466 kc. As one of the simple ways of increasing the 
width of the pass band of a tuned circuit is to increase the resistance of the 
circuit, it is not uncommon in f-m circuits to connect a resistor across 
the tuned i-f amplifier circuits. 
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The Limiter, An important factor in the noise-free operation of the 
f-m system is the fact that the transmitted f-m waves are of constant 
amplitude. However, even though the transmitter provides an output 
wave train of constant amplitude, the wave form that the output of the 
i-f amplifier of the receiver presents to the discriminator contains varia¬ 
tions in amplitude. These variations may have been picked up in trans¬ 
mission from the transmitter’s antenna to the receiver’s antenna or may 
be caused by various circuits in the receiver. In order to eliminate any 
amplitude variations, a limiter circuit is placed between the i-f output and 
the final detector. 

The limiter is essentially an i-f amplifier operated with such values of 
voltage at its electrodes that the tube reaches saturation before the input 



wave reaches its maximum value. Under this condition, the portion of 
each input cycle above a certain value is cut off and hence the amplitude 
of each cycle is limited to a fixed amount. The i-f output should be of 
suflicient strength so that even its weakest signal will cause the limiter 
tube to saturate. The wave shapes of the signal at the input and output 
side of the limiter are shown in Fig. 14-20. By passing the output of the 
limiter through a transformer, the harmonics due to the flat-topped waves 
are reduced to a negligible value. 

Figure 14-21 illustrates the circuit diagrams of single-and two-stage 
limiters. In the circuit of Fig. 14-21a, a pentode having a sharp cutoff 
characteristic is used. A grid bias is developed at JS 2 , but the time con¬ 
stant of the RiCz combination is such as to permit the signal to drive the 
grid positive for just a small portion of each input cycle. With the proper 
choice of B 2 , Cs, screen-grid voltage, and plate voltage the circuit will 
perform the limiting action indicated by Fig. 14-20 for a given input 
signal condition. In the two-stage limiter of Fig. 14-216, the second stage 
is resistance coupled to the first stage and serves the purpose of eliminat¬ 
ing any residual variations in amplitude. 

The Discriminator, The discriminator or f-m detector takes the place 
of the ordinary detector in an a-m receiver. Its function is to convert 
the frequency modulations of the i-f signal to a-f voltages of amplitudes 
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and frequencies that will be replicas of those produced in the microphone 
circuit at the transmitting station. 

Two discriminator circuits are shown in Fig. 14-22. In the circuit of 
Fig. 14-22a, the output of the limiter tube is applied to the primary 
winding P of the transformer Ti and is tuned to the center value of the 
intermediate frequency by means of capacitor Cs. The secondary 
winding is split into two sections Si and 82 ^ Section Si is tuned by means 
of capacitor Ci to a frequency slightly above the center i-f value, and 




section >82 is tuned by means of capacitor C 2 to a frequency slightly below 
the center i-f value. When the input signal is unmodulated, that is, 
operating at its center frequency, the voltage across each of the two 
secondary sections will be equal. Under this condition, the current in 
each section of the diode VTi will be equal and the volfage drops across 
Ri and R 2 will be equal. From the polarities of the voltages indicated on 
the diagram, it becomes obvious that under these conditions the output 
voltage of the discriminator will be zero. When the input signal is 
frequency-modulated, the voltage at the plates of each section of the 
diode will vary. For an increase in frequency above the center i-f 
value the voltage at one diode plate will increase and at the other it will 
decrease. For a decrease in frequency the voltage at the diode plates 
will change in the direction opposite that for an increase in frequency. 
As changes in plate voltage will produce similar changes in the plate 
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currents it should be apparent that the voltage drops at Ri and 7?2 will 
vary. When the voltage drop at Ri is greater than that at R% the output 
voltage will be positive, and when the voltage drop at R^ exceeds that at 
Ri the output voltage will be negative. The net result is that the output 
of the discriminator will be an a-f voltage whose magnitude and fre¬ 
quency are determined by the frequency modulations at the input of the 
discriminator. 



Fig. 14-22.—Discriminator circuits, (a) Split-secondary discriminator circuit, (6) phase- 

shift discriminator circuit. 

The discriminator circuit of Fig. 14-226 is the one most commonly 
used. In this circuit both the primary and secondary of Ti are tuned to a 
frequency equal to the center value of the intermediate frequency. At 
this resonant frequency the voltages Ei and Bt are 90 degrees out of 
phase with the primary voltage E\, and Et is equal to Et. Under this 
condition the currents in the two sections of the diode VTx are equal, the 
voltage drops at Ri and Ri are equal, and the output voltage Ef, is zero. 
When the frequency of the input is other than the center frequency value, 
the phase angle between Ei and Ex will change either increasing or 
decreasing from the 90 degree relation depending upon whether the 
frequency increases or decreases. A change in the phase relationship of 
Ei and Ex will produce a change in the voltage at the plates of the diode 
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VTi. Changes in plate voltages will produce changes in the plate 
currents, voltage drops at 2?i and and the resultant output voltage E^, 
Thus this circuit will produce the same kind of variations in the voltage 
across the load resistors R\ and /?2 as the circuit of Fig. 14-22a. 

In order to provide an undistorted a-f output signal the discriminator 
should have a linear characteristic. The curve of Fig. 14-23 illustrates 
the desired output characteristics of a discriminator circuit. It should 
be observed that the characteristic is a straight line for ±75 kc and that 
little curvature is present until after ±100 kc. The circuit therefore 



— Frequency deviation + 

Fig, 14-23.—Operating characteristics of a discriminator circuit. 

provides excellent reproduction over the 200-kc pass band normally used 
with f-m receivers. 

The Avdio-frequency Circuits, The a-f section is very similar to that 
of an a-m receiver. The main difference is that the f-m receiver can 
reproduce audio frequencies up to 15,000 cycles, which is about three 
times as high as the a-f range of ordinary a-m broadcast receivers. In 
order to utilize this high-fidelity reproduction the a-f circuits should be 
designed to provide satisfactory response over the high-frequency 
range (see Chap. VIII). This also requires the use of» a high-quality 
loudspeaker. 
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QUESTIONS 

1. Define the following terms: (a) sensitivity, (6) selectivity, (c) fidelity, (d) 
stability, (e) signal-to-noise ratio. 

2. Name and describe four types of noise that may occur in a radio receiver. 

8. (o) What are the advantages of f-m receivers? (6) What are the disadvan¬ 
tages of f-m receivers? 

4. Name four essential functions of a radio receiver. 

6. Why is it generally undesirable to have more than two stages of a-f amplifica¬ 
tion in a radio receiver? 

6. (a) What is meant by a timed-radio-frequency stage of amplification? (h) 
Describe two advantages of trf amplification. 

7. (a) What is meant by an i-f amplifier? (6) What is the purpose of an i-f 
amplifier? (c) What advantages are gained in using i-f amplification? 

8 . With the aid of a block diagram explain the operation of a trf receiver. 

9. (a) Draw a circuit diagram of a five-tube trf receiver, (b) Explain the opera¬ 
tion of this circuit. 

10. Draw a circuit diagram and explain the operation of (a) a volume control 
circuit, (b) a tone control circuit. 

11. With the aid of circuit diagrams explain the operation of; (a) a voltage-drop¬ 
ping resistor, (6) an r-f by-pass capacitor, (c) a decoupling network. 

12. Define: (a) superheterodyne receiver, (b) double superheterodyne receiver. 

13. Explain five advantages of the superheterodyne receiver. 

14. With the aid of a block diagram explain the operation of a superheterodyne 
receiver. 

16. (a) Describe several types of loop antennas, (b) What are the advantages of 
the loop antenna? (c) What are the disadvantages of the loop antenna? 

16. (a) What is meant by a preselector? (b) Describe the operation of a preselec¬ 
tor circuit, (c) What advantages are obtained by the use of preselection? 

17. (a) Name the three essential functions required to obtain frequency conver¬ 
sion. (6) Explain the purpose of each of these functions. 

18. Explain two factors that must be taken into consideration in the design of a 
local oscillator that is to be used with a superheterodyne receiver. 

19. (a) What five frequencies are present in the output circuit of a mixer tube when 
two signal voltages of different frequencies are applied to its input circuits? (b) 
Which of these frequencies is used in a-m broadcast band superheterodsne receivers? 

20. (o) What is meant by conversion gain? (b) How does the voltage amplifica¬ 
tion of a tube used as a converter compare with the voltage amplification of the same 
tube when used as an i-f amplifier? 

21. (a) Describe the operation of a converter circuit that uses separate tubes for 
the oscillator and mixer, (b) What are the advantages of this type of circuit? 
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22. (a) Describe the operation of a pentagrid converter tube of the 6A8 type. 
(b) Describe the operation of a converter circuit using a pentagrid converter tube of the 
6A8 type, (c) ,What are the characteristics of this type of converter circuit? 

28. (a) Describe the operation of a pentagrid converter tube of the 6SA7 type. 
(b) Describe the operation of a converter circuit using a pentagrid converter tube of 
the 6SA7 type, (c) What are the characteristics of this type of converter circuit? 

24. Wliat is meant by (a) image-frequency signal? (b) Image ratio? 

26. (a) Explain the relation between the tuning ratio, the oscillator frequency, 
and the intermediate frequency, (h) In broadcast receivers, why is it desirable to 
have the oscillator frequency higher than the r-f signal input? 

26. (a) Explain the relation between the value of the intermediate frequency and 
the selectivity of a receiver, (h) Why are odd number values of intermediate fre¬ 
quency generally used? 

27. (a) What is meant by spurious responses? (b) Name five possible causes of 
spurious responses, (c) What precautions are used in superheterodyne receivers to 
minimize the interference caused by spurious responses? 

28. (a) Draw a circuit diagram of a superheterodyne receiver to bt; opcTated from 
an a-c power line. (6) Explain the operation of this circuit. 

29. (a) Draw a circuit diagram of a superheterodyne receiver that may be opc'rated 
from either an a-c or a d-c power line. (6) Explain the operation of this circuit. 

80. (a) Describe the principle of operation of an electron-ray indicator tube. (/>) 
Describe the operation of an electron-ray indicator circuit. 

81. (a) Explain two reasons why a radio receiver should be properly aligncni. (6) 
What instruments should be used to properly align a receiver? 

82. Describe a method of aligning a trf receiver. 

88 . Explain the order in which the various tuned circuits in a superheterodyne 
receiver should be aligned. 

84. Describe the procedure for aligning an i-f amplifier circuit. 

86. Describe the procedure for aligning an oscillator circuit. 

86. Describe the procedure for aligning an r-f tuned circuit. 

87. How does the f-m receiver differ from an a-m superheterodyne receiver? 

88. (o) Why is a dipole antenna generally used with f-m receivers? (b) What is 
the purpose of a reflector? (c) Describe the construction of a reflector. 

89. What factors must be taken into consideration in constructing the antenna for 
an f-m receiver? 

40. Describe the operation of the r-f section of an f-m receiver. 

41. (a) How does the band width of the i-f amplifier used with f-m receivers com¬ 
pare with those used with a-m receivers? (6) How does the value of the intermediate 
frequencies of f-m receivers compare with those used in a-m receivers? 

42. (a) What is the purpose of the limiter in an f-m reciever? (6) Describe the 
operation of a single-stage limiter circuit. 

48. (a) What is the purpose of the discriminator in an f-m receiver? (6) Describe 
the operation of a discriminator circuit in which only the primary winding of the cou¬ 
pling transformer between the limiter and discriminator is tuned to the center value 
of the intermediate frequency. 

44. Describe the operation of a discriminator circuit in which both the primary 
and secondary windings of the coupling transformer between the limiter and dis¬ 
criminator are tuned to the center value of the intermediate frequency. 

46. What is the main difference between the a-f section of an f-m receiver and an 
a-m receiver? 



CHAPTER XV 

TEST EQUIPMENT 


Modern radio and electronic equipment consists of a large number 
and variety of circuit elements having a wide range of values. The 
circuit elements are connected to one another, either directly or indirectly, 
to form a complex circuit. The testing of such circuits can best be 
accomplished by the use of definite test procedures and adequate test 
equipment. As a detailed discussion of all types of test instruments 
and their various applications is beyond the scope of this text, only a 
brief description of the more common types of test instruments and an 
outline description of three basic systems of testing will be given in this 
chapter. 

16-1. Systems of Testing. Purpose of Testing. There are two funda¬ 
mental reasons for testing radio or electronic equipment: (1) to check the 
operation of a complete unit, or any of its sections, against a set of recom¬ 
mended operating values; (2) to locate a faulty section or part. Although 
there are numerous methods for testing radio and electronic equipment 
only three basic systems of testing will be considered in this text, namely, 
(1) point-to-point resistance measurement, (2) measurement of voltage 
and current for each individual circuit, (3) signal tracing. The procedure 
to be followed in testing radio and electronic equipment may be based 
upon one or more of these three systems of testing. 

The ultimate aim of all systems of testing is to locate as quickly as 
possible the portion of a circuit that is not functioning properly. This 
is best accomplished by testing individually each section of the complete 
circuit. When used to test a particular circuit, each system of testing 
has certain characteristics and advantages that are not common to the 
other systems. Because of this, the best system to use will depend upon 
the circuit to be tested and the operating characteristics that are to be 
checked. A complete test procedure may be a combination of any two 
systems or all three systems of testing. 

Point-to-point Resistance Measurement. In this system of testing, the 
resistance between the various elements of a tube are measured while the 
tube is in its socket but with the power turned off. The values obtained 
are checked for any variation from the known correct values. The only 
instrument required for this system of testing is an ohmmeter. The 
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point-to-point resistance measurement method of testing has a number of 
disadvantages, among which are: (1) a source of reference containing the 
known correct values of resistance between certain points is required for 
every make and model of radio and electronic equipment that is to be 
tested; (2) care must be exercised when measuring the resistance between 
two points that all elements in the circuit are taken into consideration; 
(3) this is only a static test and cannot be used for determining the 
dynamic characteristics of the circuit; (4) a circuit element may 
appear satisfactory under static conditions but may be faulty under 
dynamic conditions. An advantage of this system of testing is that, when 
the fault has been traced to a definite circuit, this system provides a 
convenient method for quickly locating a shorted or open-circuited 
element. 

Voltage and Current Measurement In this system of testing, voltage 
and current measurements are taken at the prongs of each tube. The 
values obtained are checked for any variation from the known correct 
values. The instruments used for this system of testing may include 
one or more of the following: (1) a multirange d-c voltmeter, (2) a multi¬ 
range a-c voltmeter, (3) a multirange d-c ammeter, (4) a vacuum-tube 
voltmeter, (5) a set analyzer. The voltage-current measurement system 
of testing also has a number of disadvantages, among which are: (1) a 
source of reference indicating the correct operating values of voltage and 
current is required for each make and model of radio and electronic 
equipment to be tested; (2) care must be exercised when taking voltage 
and current measurements so that the resistance of the instrument used 
does not affect the circuit. An advantage of this system of testing is that 
it provides a quick method of checking the operating voltages on a tubers 
electrodes with the values recommended by the tube manufacturer for 
that type of tube. The only reference then required is a tube manual. 
Any major variation from the recommended values will ordinarily localize 
the faulty circuit. However, vacuum tubes are not always operated at 
the control voltages recommended by the tube manufacturer and this 
fact must be taken into consideration before declaring a circuit to be 
faulty. 

Signal Tracing. In this system of testing, the progress of a signal is 
traced through each stage of the equipment. With signal tracing it is 
possible to analyze the signal at each stage of a radio receiver for both its 
quality and strength. The circuit for each stage can then be adjusted 
so that the stren^h and quality of its output signal are at their optimum 
value. As the signal is the ultimate factor in a radio receiver, the signal¬ 
tracing system of testing is the most effective method of checking and 
aligning a receiver. There are various methods of signal tracing and the 
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equipment required will depend upon the method used. In general^ the 
following equipment is required: (1) a source of signal input, such as an 
r-f signal generator, that is capable of producing an r-f, a-f, and modulated 
r-f signal output; (2) an output indicating device such as an output meter, 
electron-ray indicator tube, or cathode-ray oscilloscope. 

One method of signal tracing is to test each stage individually by 
applying the proper signal to its input circuit and checking the strength 
and quality of its output signal. Another method is to apply a modulated 
r-f signal to the input circuit of the first r-f stage and to check the output 
from each succeeding stage. There are many variations of these two 
methods. 

The signal-tracing method of radio circuit testing has many advan¬ 
tages, among which are: (1) a radio receiver may be tested under actual 
operating conditions; (2) the intermittent faulty operation of a circuit 
element can quite readily be located; (3) variation in the amount of gain, 
by-passing, and coupling (above or below the optimum value) can be 
detected. 

16-2. Combination Meters. Requirements, In testing radio or 
electronic equipment a wide range of voltage, current, and resistance 
measurements may be required. If individual meters having only one 
range were to be used for these tests, the number of instruments required 
would be too large and the cost too great to be practical. One method 
of reducing the number of instruments needed is to use a multirange meter 
for each type of indication that is required. A more practical method is 
to combine a multirange voltmeter, ammeter, and ohmmeter into one 
instrument having an adequate switching arrangement that permits only 
one range of one type of measurement to be used for each of it - st ttings. 
This type instrument is called a combination meter and is also knov. n as a 
multimeter, multitester, multipurpose tester, and volt~ohm~miUia mmeter. 

Since a combination meter consists of a voltmeter, ammeter, and 
ohmmeter its principles of operation and use can best be understood by 
first studying the principles of operation and use of each individual type 
of meter. Only a brief description of the individual meters and the com¬ 
bination meter will be given in this text. For a detailed description of the 
principles of operation, construction, and use of these instruments the 
reader is referred to the chapter on Meters in the authors’ text Electrical 
Essentials of Radio, 

Ammeters, An ammeter is an instrument used for measuring electric 
currents. It is always connected in series with that part of a circuit 
whose current is to be measured. In Fig. 16-1, ammeter 1 is connected 
in series with the line to indicate the line current, and ammeters 2 and 3 
are connected in series with the lamp and fixed resistor, respectively, to 
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obtain their individual currents. Being connected in series, an ammeter 
must carry the current passing through that part of the circuit in which it 
is connected. In Fig. 15-1, if ammeter 1 has a resistance of 1 ohm and the 
line current is 10 amperes, it follows that there would be a 10-volt drop 
across the ammeter. This would cause the appliance and lamp to operate 
on a voltage of 10 volts less than intended, thus giving incorrect indica¬ 
tions of the currents flowing in the circuit under normal conditions 
(that is, without the ammeters). The voltage drop across the meter is 
decreased by making the resistance of the meter as low as possible. The 
value of this drop varies with the type of meter and the manufacturer. 
Most ammeters are designed for 50-mv drop at full rated current. 

Since the resistance of an ammeter is very low the current that would 
flow through the ammeter if through error it was connected directly 



Fig. 15-1.—Correct method of connecting ammeters and voltmeters. 

across a source of power would be excessively large and the meter would 
be damaged. An ammeter should therefore never be connected across any 
source of 'power. The current due to an unforeseen short circuit or over¬ 
load may be large enough to injure an ammeter if it is left connected in a 
circuit. To prevent damage due to factors that cannot be foreseen, 
the ammeter should always be protected by connecting a short-circuiting 
switch across it, as illustrated by Si, St, and St in Fig. 15-1. The switch 
is always kept closed except when a reading is to be taken. If, upon 
opening the switch, the needle swings backward or completely across the 
meter scale, it should be closed instantly to prevent damaging the meter. 
The necessary changes to the circuit should then be made before the 
switch is again opened. 

Voltmeters. A voltmeter is an instrument used for measuring voltage. 
It is always connected across that part of the circuit whose voltage is to 
be measured. Figure 15-1 shows the correct way to connect voltmeters 
in a parallel circuit. Voltmeter 1 indicates the line voltage; voltmeter 2 
shows the voltage across the lamp; and voltmeter 3 shows the voltage 
across the fixed resistance. 

As a voltmeter is connected directly across the line it is desirable that 
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it take as little current as is practicable. Because of its comparatively 
low resistance, approximately 20 ohms, the moving element of a volt¬ 
meter cannot be connected directly across the line. It is therefore neces¬ 
sary to connect a high resistance in series with it. The value of this 
resistance depends on the resistance of the coil, or moving element, and 
the full-scale voltage desired. 

Voltmeters do not form a definite part of a circuit as do ammeters. 
It is therefore not necessary to connect voltmeters permanently in the 
circuit. If a voltmeter is connected only when a reading is to be taken, a 
single meter can be used to lake readings at various points in a circuit. 
A voltmeter may be damaged by excessive voltage, but as it is connected 
only when a reading is to be taken it may therefore be disconnected 
instantly if any overvoltage condition is apparent. 

Voltmeters are often rated in terms of their sensitivity in ohms per 
volt, which is obtained by dividing the resistance in ohms for any range 
by the full-scale voltage rating of that particular range. In testing radio 
and electronic equipment, it is generally desirable and in many cases 
necessary to use a voltmeter with a very high sensitivity. Although a 
voltmeter with a sensitivity of 100 ohms per volt may be excellent for 
industrial power circuits, it would prove very unsatisfactory for testing 
radio and electronic circuits. For testing these circuits it is recommended 
that the voltmeters have a sensitivity of 20,000 ohms per volt or higher. 

Alternating- and Direct-current Instruments, Ammeters and volt¬ 
meters are usually designed to measure either direct or alternating 
currents or voltages and in order to obtain accurate readings an ammeter 
or voltmeter should only be used to measure the type of current or voltage 
for which it is designed. The ordinary a-c ammeter cannot be used to 
measure accurately currents whose frequencies are greatly in excess of 
500 cycles. Thermal-type instruments measure the effective value of 
the current flowing and therefore can be used on direct, a-f, and r-f cur¬ 
rents. Instruments giving accurate readings at frequencies up to 100 
me can be obtained. 

Rectifier-type meters are used for measuring alternating currents of 
small magnitude such as milliamperes and microamperes, and voltages 
ranging from values in millivolts up to 1000 volts. A rectifier-type meter 
consists of a copper oxide rectifier and a permanent-magnet moving-coil 
instrument. Rectifier-type meters can be used to measure alternating 
currents of frequencies up to 20,000 cycles per second. 

Shunts, The current that may safely be led into an ammeter move¬ 
ment is limited by the current-carrying capacity of the moving element, 
which must necessarily be small. To increase the range of such instru¬ 
ments, shunts and current transformers are used, the former with direct 
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currents and the latter with alternating currents. It has previously been 
stated that the movement’s current must be very small, generally about 
one ma. This is accomplished by connecting a low resistance in parallel 



Fig. 16-2.—Proper connections for the use of a shunt with a inillivoltmeter. 


with the meter. The ammeter is in reality now a voltmeter (see Fig. 
15-2) indicating the voltage drop across a resistance. This resistance is 
called a shunt and forms a definite part of all ammeters. The resistance 

of the shunt may be calculated by use 
of the following equation. 

Im X Rm 



Rs 


(15-1) 


where Rsh = shunt resistance, ohms 
Rm = meter resistance, ohms 
IsH = shunt current, amperes 
Im = meter current, amperes 
When the shunt is connected per¬ 
manently inside an ammeter, it is 
called an internal shunt. When it is 
desired to increase the range of an 
ammeter an external shunt may be 
used. Multirange ammeters use a 
series of shunts and a rotary switch 
for connecting the proper shunt across the ammeter in order to obtain a 
desired range. 

Multipliers, The range of a voltmeter having its resistance incorpo¬ 
rated within the instrument may be increased by the use of an external 
resistance connected in series with the instrument. External resistances 
used in this manner are called multipliers. Multirange voltmeters use a 
series of resistors and a rotary switch for connecting the proper value of 
resistance in series with the voltmeter in order to obtain a desired range 
(see Fig. 15-3). The multiplying power of a resistor may be calculated by 


Fig, 15-3.—Circuit showing the 
application of a rotary switch and re¬ 
sistors to increase the voltmeter range 
by multiples of 2, 3, 4, or 5. 






Art. 15-2] 


TEST EQUIPMENT 


683 


use of the following equation. 

M = (15.2) 

where M = multiplying power 

Rbx = resistance of the multiplier, ohms 
Rm = resistance of the meter, ohms 
Multipliers may be used for alternating voltages up to 1000 volts as 
well as for direct voltages. For all alternating voltages higher than this, 
it is advisable to use potential transformers. 

Ohmmeters. An ohmmeter is an instrument that indicates the resist¬ 
ance of a circuit directly in ohms without any need for calculations. 
Figure 15-4 is a schematic diagram of the circuit of a simple ohmmeter. 



O'! ma. 

Fig. 16-4.—Circuit of a simple ohmmeter. 


In this instrument, unit cells are used as the power source. The milliam- 
meter scale is calibrated to indicate the resistance in ohms directly. 
Whjen terminals Ti and are short circuited and the battery cells are 
new, so that Eb ~ 4.5 volts, then Ri + Ra must be equal to 4500 ohms in 
order to have the milliammeter indicate its full-scale deflection, which will 
occur when the current in the circuit is one ma. Inserting an unknown 
resistance Rx between terminals Ti and T 2 will decrease the indication on 
the meter. For example, if the value of Rx is 4500 ohms, the reading on 
the milliammeter will decrease to one-half of its full-scale deflection. As 
the meter scale is calibrated to indicate the value in ohms of the unknown 
resistor fix, the point at the center of the meter scale is marked 4500 ohms. 
The remainder of the points on the meter scale may be calibrated in the 
same manner. 

As the voltage of the unit cells decreases with age, the resistor Ra is 
made adjustable to compensate for variations in the voltage of the bat¬ 
tery. Resistance values obtained with an ohmmeter using this method of 
compensation for decreases in battery voltage will not be accurate when 
the voltage drops because of the aging of the cells. A more accurate 
method is to connect an adjustable resistor in parallel with the milliam- 
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meter as indicated by the dotted lines in Fig. 15-4. The resistor Rp is 
used in place of resistor Ra, which had been connected in series with the 
meter and the fixed resistor 72 1 . 

I By using different values of resistance and battery voltage, an ohm- 
1 meter can be made to indicate any value of resistance. In Fig. 15-5, 
resistors 72i, 722, 728, and R 4 are whole-number multiples of one another, 
therefore it is only necessary to have a single scale marked to indicate the 
values of the lowest range and to use a multiplying factor for each of the 
other ranges. A rotary switch SR is used to connect or disconnect these 
resistors into the circuit. 



Fia. 15-5.—Diagram showing the use of resistors and a switch to select the range of a 

multirange ohinineter. 

Combination Meiers. The construction of a voltmeter, ammeter, or 
ohmmeter does not differ materially from one another as far as the move¬ 
ments and magnets are concerned. With the proper switching and circuit 
arrangements it is therefore possible to use a single d-c milliammeter as a 
multirange d-c voltmeter, d-c ammeter, or ohmmeter. A meter used in 
this manner is called a combination meter. The values of the multipliers, 
shunts, and ohmmeter resistors can be calculated by using the methods 
explained under multipliers, shunts, and ohmmeters. By using a copper 
oxide rectifier, the d-c milliammeter can also be used to measure alter¬ 
nating currents and voltages. In radio test and service work, combina¬ 
tion meters are very useful, since one instrument is made to take the place 
of several meters. 

Figure 15-7 shows the circuit diagram of a combination meter. This 
instrument has five ranges of a-c and d-c voltages, 2.5, 10, 50, 250, and 
1000 volts; four ranges of resistance, 3000 ohms, 30,000 ohms, 3 megohms, 
and 30 megohms; and eight d-c current ranges, 0.05 ma, 0.1 ma, 1 ma, 
10 ma, 50 m&, 250 ma, 1 amp, and 10 amp. It can also be used to measure 
capacitance or to indicate the output of an amplifier stage in volts or 
decibels. 

In using combination meters, care should be taken to see that all 
switches and dial settings are in their correct positions before the instni- 
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inont is connected into the circuit. If this is not done, the instrument 
may be damaged, as it might be sot for use on direct current and be used 
on alternating current, or set to be used as an ammeter and connected for 
use as a voltmeter, or set in some other incorrect fashion. 

16-3. Special Purpose Voltmeters Output Meter. The power level 
of radio or speech equipment is usually measured by means of an output 



Fio 15-6.—A combination ohmmeter, a-c/d-o voltmeter, and d-o ammeter. {Courtesy of 
Weston Electrical Instrument Corporation ) 

meter. This instrument consists of two parts: (1) a device for rectifying 
the ar-f current, (2) a meter that is calibrated to indicate the strength of 
the rectified current in volts, decibels, or both. Commercial instruments, 
such as the one shown in Fig. 15-8, generally use a copper oxide rectifier; 
however, a vacuum-tube rectifier can also be used. It can thus be seen 
that an output meter is essentially the same as a rectifier-type a-c volt¬ 
meter. Comdination meters that employ a rectifier-type instrument 
generally make provision for using this instrument as an output meter. 

The most convenient place to connect an output meter is across the 
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voice coil leads of the loudspeaker. However, for very weak signals it is 
generally necessary to connect the output meter between the plate of the 
output tube and the chassis. Because of the high direct voltage between 
these two points, a capacitor should always be connected in series with an 
output meter used in this manner in order to prevent damage to the 

Mount these spoofs on 
back cf meter 



Fig. 15-7.—Schematic diagram of a combination meter. {Courtesy of Weston Electrical 

Instrument Corporation.) 

instrument. If the output stage consists of two tubes connected in 
push-pull, the output meter may be coimected from the plate of either 
tube to the chassis. 

Electronic D-C Voltmeter. Because of its comparatively low internal 
resistance, the ordinary voltmeter caimot be used to measure the direct 
voltage at a number of points in radio or electronic circuits without 
affecting the operation of the unit. Some of the points in a radio circuit 
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at which the use of an ordinary d-c voltmeter (low sensitivity) affects the 
circuit operation are grid or plate terminal of a vacuum tube, oscillator 
circuits, avc and afc circuits, and high-fidelity audio amplifier circuits. 
To overcome this difficulty, the electronic d-c voltmeter has been devel¬ 
oped. With this instrument, it is possible to measure the control or 
operating voltage at any point in a circuit where a signal is present with¬ 
out affecting the operation of the circuit. 


! 



Fig. 15-9.—A Voltohmyst {Courtesy 
of RCA Manufacturing Co., Inc.) 


Fig. 15-8 —Output or power-level 
meter. {Courtesy of Weston Electrical 
Instrument Corporation.) 


A popular type of electronic d-c voltmeter is the Voltohmyst illus¬ 
trated in Fig. 15-9. A Voltohmyst can be used as a d-c voltmeter, a-c 
voltmeter for low-frequency power circuits, Sr-f voltmeter, ohmmeter, 
power level meter, or f-m discriminator-balance indicator. The model of 
the Voltohmyst shown in Fig. 15-9 has six ranges of a-c and d-c voltages, 
namely 5, 10, 50, 100, 500, and 1000 volts. There is practically no load¬ 
ing of a circuit when taking direct voltage readings, as the instrument has 
a constant input resistance of 10 megohms for all direct voltage ranges. 
A one-megohm isolating resistor is coimected in the sleeve of the d-c lead 
for dynamic voltage checking. The electronic ohmmeter uses a shielded 
cable and by proper use of its six ranges resistance measurements of from 
0.1 ohm to 1000 megohms can be obtained. A three-volt source of power 
is used for all ohmmeter ranges and it is only necessary to adjust for zero 
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indication once as this setting is common for all ranges. Because of the 
many advantages outlined, the Voltohmyst is one of the most useful of 
all voltage testing instruments. 

The Vacuum-tube Voltmeter. Another form of electronic voltmeter is 
the vacuum-tube voltmeter, commonly abbreviated vtvm. This instru¬ 
ment utilizes the characteristics of a vacuum tube for measuring voltages 




(b) (c) 

Fig. 16-10.- Methods of connecting the Voltohmyst for making radio circuit measure¬ 
ments. (a) F-m balance, (6) plate voltage, (c) a-f signal voltage. 


with minimum effect on the circuit to which it is connected. Some tyi)eB 
of vacuum-tube voltmeters can be used to obtain the peak, trough, 
effective, or average values of voltage. By using a known value of capaci¬ 
tance as a shunt, the vtvm can also be used to measure small values of 
current in high-frequency circuits. 

There are various types of vtvm circuits, the choice of circuit used 
being determined by the type of measurements for which it is to be used. 
A simple form of vacuum-tube voltmeter circuit using plate rectification 
is shown in Fig. 15-11. The principle of operation of this type of vtvm 
is as follows. When an alternating voltage is applied to the grid circuit 
of the tube, the alternating voltage will be rectified by the tube. The 
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d-c component of the rectified output is indicated on the d-c meter, which 
is calibrated to indicate the proper voltage. The value of the tube’s 
operating voltages are determined by the value of the alternating voltage 
input and the range of voltage to be indicated The grid bias should be 





Fio. 16-11.—simple vacuum-tube voltmeter circuit. 



Fio. 16-12.—vacuum-tube voltmeter. {Courteey of The Hickok Electrical Instrument 

Company,) 

greater than the peak value of the input voltage in order that the grid be 
maintained at a negative value throughout the entire cycle. The value 
of the plate voltage is determined by the range of the voltage that is to 
be indicated by the instrument. The plate voltage should be of such a 
value that it will produce a maximum deflection of the instrument for the 
prescribed input voltage. 
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A commercial vtvm that also measures current and resistance is shown 
in Fig. 15-12. This instrument is capable of measuring voltages having 
frequencies up to 150 megacycles. When using a vtvm for r-f measure¬ 
ments, care should be exercised to keep the input capacitance of the 
instrument and its leads at a minimum. For extreme accuracy, the input 
capacitance should be approximately 1 jujuif and under no circumstances 
should it exceed 6 /x/xf. In order to obtain this low input capacitance, 



Fiq. 15-13.—A socket selector set. {Courtesy of Weston Electrical Instrument Corporation ) 

some vacuum-tube voltmeters make provisions for connecting the control 
grid of the vtvm tube directly to the point in the circuit being investi¬ 
gated. In order to prevent the circuit under test from being affected 
when the vtvm is connected to the circuit, the input impedance of the 
instrument should be very high. The meter illustrated' in Fig. 15-12 has 
an input impedance of 15 megohms shunted by 6 pnii. In order to obtain 
greater accuracy, some vacuum-tube voltmeters employ a voltage-regu¬ 
lator tube to isolate any fluctuations in the line voltage from the instru¬ 
ment circuit. 

16-4. Set Analyzer. Socket Selector Unit. The measurement of 
voltage, current, or resistance at the electrodes of a tube is greatly facili¬ 
tated by the use of a set of socket adaptors and a selector block similar to 
the selector unit shown in Fig. 15-13. By using a selector unit in con¬ 
junction with the proper testing instrument, it is possible to make all 
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tube voltage, current, and resistance measurements of a radio receiver 
from the top of each tube socket. This method of circuit analysis 
eliminates the necessity for probing among the wires of a receiver with 
the possibility of causing a short circuit and also eliminates the necessity 
of opening any soldered connections in order to take current readings. 

The selector unit shown in Fig. 15-13 consists of three parts: (1) a 
selector block; (2) a cable, one end of which is permanently connected to 
the selector block, the other end being connected to an adaptor plug; 

(3) a set of adaptors. This unit is designed to be used with the combina¬ 
tion meter shown in Fig. 15-6 To obtain readings it is necessary to 
select the adaptor unit that has a base corresponding to that of the tube 
under test. Each adaptor unit consists of two parts: (1) a skirted 
adaptor, which is inserted in the selector block; (2) a plug adaptor, which 
is inserted in the cable plug. The tube on which measurements are to be 
made is removed from its socket and the cable plug, to w^hich the proper 
adaptor has been connected, is inserted in the tube socket. The tube is 
then placed in the adaptor that has been inserted in the selector block. 
The skirt on each adaptor extends over to a set of pin jacks numbered to 
correspond with the tube pin numbering system on each type base in 
accordance with the RMA standards. With the aid of a socket connec¬ 
tion chart as in Appendix XV, or a tube manual, readings of voltage, 
current, or resistance may be obtained by connecting the instrument 
leads to the proper pin jacks. 

Operalion of the Selector Block. The selector block contains two sets of 
pin jacks, which are connected in a manner similar to the circuit shown in 
Fig. 15-14a. Voltage and resistance measurements are obtained by using 
only the inner set of pin jacks. Current measurements are obtained by 
inserting the test leads in the two pin jacks that are connected in the 
electrode circuit whose current is to be measured. The outer set of pin 
jacks are closed-circuit jacks. Inserting a pin in this type of jack opens 
the contacts, thus permitting a current reading to be taken. 

Set Analyzer. The combination of a socket selector unit and a multi¬ 
purpose meter is called a set analyzer. Some manufacturers mount both 
units in a single instrument. The comparative ease with which measure¬ 
ments can be taken with a set analyzer can best be illustrated by the 
following example. 

The socket connections of a type 6K6-G tube are shown in Fig. 
16-146. Some of the measurements that can be taken on this tube by 
inserting the meter leads to the pin jacks noted are (1) heater voltage 
2v to 7v, (2) plate voltage 3v to 8v, (3) screen-grid voltage 4v to 8v, 

(4) control-grid voltage 6v to 8v, (6) plate current 3v to 3a, (6) screen- 
grid current 4v to 4a, (7) external plate circuit resistance 3v to 8v. It 
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can thus be seen that a set analyzer provides a convenient means of 
obtaining either static or dynamic measurements of a radio receiver. 



16-6. Signal Generators. Audio Oscillator, An audio-frequency 
oscillator is an instrument employing vacuum-tube circuits that can be 
adjusted to generate a low voltage signal having any desired value of 
audio frequency. This instrument is commonly called an audio oscillator. 
Commercial aiudio oscillators may be divided into two classes: (1) the 

beat-frequency type (see Art. 10-2), (2) 
the resistance-capacitance type. A 
simple a-f oscillator circuit of the re¬ 
sistance-capacitance type is shown in 
Fig. 15-15. The output of this oscil¬ 
lator circuit has a constant amplitude 
and constant frequency. However, by 
the proper connection of additional 
circuit elements to this simple circuit a 
variable amplitude and variable fre¬ 
quency output can be obtained. The 
resistance-capacitance type a-f oscil¬ 
lator has two advantages over the beat-frequency type: (1) it has higher 
frequency stability, (2) its circuit is much simpler. 

Although an a-f oscillator may be obtained as a separate unit, it is 
pnerally combined with an r-f oscillator into a single unit. Such an 
instrument is called a atflmaZ generalor, aXIrVxm generator, or a teet oscillator. 



Fia. 16-15.—A simple a-f oscillator 
circuit. 
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A commercial signal generator is shown in Fig. 15-16. This instrument 
has two a-f oscillator circuits, one provides a fixed a-f output of 400 cycles 
and the other a variable a-f output of from 50 to 15,000 cycles. The 
output voltage can be varied from zero to one volt. The r-f signal may 
be modulated by the output of either a-f oscillator. 

The a-f oscillator has many uses in testing radio parts and equipment 
and may be used to test (1) the amplifying characteristics at various 
frequencies of all forms of a-f coupling such as transformers, chokes, 
resistor-capacitor networks, etc., (2) the tone-reproducing qualities of all 
forms of loudspeakers, (3) the gain per stage and the overall gain of an 
a-f amplifier. When an a-f os<*illator is used for these tests the oscillator 
supplies the a-f signal and a vacuum-tube voltmeter, Voltohmyst, or 
cathode-ray oscilloscope is used to determine the output characteristics 
of the unit being tested. The a-f oscillator may a’so be used for the 
following purposes: (1) to supply a sound signal for a-c bridge measure¬ 
ments, (2) to trace open and grounded circuits with the aid of a pair of 
earphones, (3) for modulating an r-f oscillator, (4) for locating logse 
mechanical connections in a radio receiver. 

Radio-frequency Test Oscillator. An r-f test oscillator is an instrument 
capable of generating the various r-f voltages required for alignment and 
servicing of radio equipment. The circuit of this type of instrument is 
based on the principles of oscillator circuits, as was explained in Chap. X. 
Since an r-f oscillator is generally designed for a particular type of service, 
its output requirements will determine the circuit arrangement and the 
values of the circuit elements. The general requirements of a test 
oscillator are: (1) good frequency and amplitude stability; (2) a wide 
range of frequency output, which can readily be adjusted and whose 
frequency value can be easily read; (3) an attenuator for adjusting the 
amplitude of the output signal from zero to its maximum value without 
affecting the frequency; (4) provision for modulating the r-f signal. 

The r-f test oscillator can be obtained as either a separate unit or 
combined with an a-f oscillator. However, as many tests require a 
modulated r-f signal, an audio oscillator is usually combined with an r-f 
oscillator to form a single test instrument, as shown in Fig. 15-16. This 
instrument has seven r-f ranges, which makes it possible to obtain a 
continuous variable radio frequency from 100 kc to 133 me. The r-f 
output may be used as unmodulated, amplitude modulated, or frequency 
modulated. For amplitude modulation, the r-f output may be modulated 
with either a constant 60-cycle or 400-cycle signal, or with a variable 
60-15,000 cycle signal. For frequency modulation, band widths of 30, 
150, or 750 kc can be obtained. The r-f output is modulated with either 
the 60-cycle, 400-cycle, or 60-16,000 cycle signal, depending upon which 
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range and band width is being used In addition to the r-f output, this 
instrument can also provide the following: (1) a-f outputs of 60 cycles, 
400 cycles, or 50-15,000 cycles, (2) a synchronized sweep voltage for 
oscilloscope use, (3) a power level meter having three ranges that are 
capable of indicating outputs from —10 db to -|-38 db This instrument 
IS very useful for testing and aligning all types of a-m radio equipment, 
f-m radio equipment, television equipment, and various types of elec¬ 
tronic equipment. 



Fig. 15-16 —A commercial universal crystal-controlled signal generator {Courtesy of The 
Htckok Electrical Instrument Company ) 


Uses of the Signal Generator A signal generator is required for 
accurate alignment and measurements of all tuned circuits in electronic 
equipment. In general, the output of the signal generator may be applied 
to the input circuit of the unit being tested or to any one of its individual 
stages. The signal generator should first be adjusted to produce a 
signal output of the desired frequency and amplitude. It is then possible 
to align each stage, measure the gain per stage, or the overall gain, by 
connecting an output meter or electronic voltmeter in the proper circuit 
The distortion characteristics of each stage can be observed by using a 
signal generator to supply an input signal and a cathode-ray oscilloscope 
for observing the wave form of the output from each stage. Four 
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oscilloscope patterns illustrating the frequency-response characteristics 
of an i-f amplifier stage are shown in Fig. 15-17. 

For proper alignment or testing of a radio receive^*, the following pro¬ 
cedure is suggested: (1) ascertain the proper operation, applications,and 
limitations of the test equipment from the manufacturer’s instructions; 
(2) much time can be saved in the aligning of each stage or the localizing 
of a fault or faults by referring to the circuit diagram of the equipment 
being tested; (3) the output of the test oscillator should be maintained 
at a low level; (4) when aligning the i-f stage, short-circuit the local 
oscillator or in some other manner prevent any part of the oscillator 
output from entering the i-f stage; (5) the output of the signal generator 



(a) (b) (c) (d) 


Fia. 15-17. - Oscilloscope patterns illustrating the frequency characteristics of an i-f 
amplifier, (a) Single peak which is too narrow, (6) single peak of the proper width, (c) 
double peak which is too broad and whose depression is too deep, (d) double peak of the 
proper width and depth. 

should be fed through a dummy antenna as specified by the manufacturer 
of the receiver; (6) follow the instructions for alignment suggested by the 
manufacturer of the receiver; (7) after the complete unit has been aligned, 
recheck the alignment of each stage and make any readjustment that may 
be required due to the reaction from the alignment of the other stages. 

16-6. Cathode-ray Tubes. General Principles, The cathode-ray 
tube forms an essential part of the cathode-ray oscilloscope, and it is 
therefore best to understand the principles of operation of this tube before 
studying the operation of the oscilloscope. In a cathode-ray tube, the 
electrons emitted by the cathode are attracted by a high positive potential 
anode. The structure of this anode is such that the electrons are formed 
into a narrow beam and their velocity is so great that they continue a 
forward motion until they strike the screen. This beam follows a straight 
line unless it is diverted by either an electrostatic or electromagnetic 
field. An electron beam consists of a moving stream of electrons and 
hence has the following important characteristics: (1) it is attracted to 
positive charged objects and is repelled by negative charged objects; 
(2) like any other form of electric current it is subject to forces from a 
magnetic field. Because of these two characteristics it is possible to 
focus or deflect an electron beam by using either magnetic or electric 
fields. Electron beams are not visible to the naked eye and in order to 
follow their movements it is necessary to direct the beam at a specially 
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treated screen, which fluoresces when it is hit by the electron beam. The 
spot where an electron beam strikes such a screen is indicated by a point 
of light. 

Construction. The general construction of most cathode-ray tubes is 
practically the same. The t\ibe consists of a highly evacuated glass 



Fig. 15-18.—Schematic arrangement of the electrodes in a cathode-ray tube, (a) 
Electromagnetic deflection, electrostatic-focus typo, (6) electrostatic deflection, electrostatic- 
focus type. {Courtesy of RCA Manufacturing Co.^ Inc.) 


envelope containing an electron gun at one end, a fluoi;escent screen at 
the other end, and in between these two somes means of deflecting the 
electron beam. The arrangement of the various parts of the cathode- 
ray tube is shown in Figs. 15-18 and 15-20. 

Operation of the Electron Gun. A typical electron gun is shown in 
Fig. 15-19. The heater H consists of a tungsten filament coated with an 
insulating material. The heater is mounted inside a small metal cylinder 
K called the cathode. The front end of this cylinder is concave and is 
chemically treated to make this portion of the cathode a good emitter of 
electrons. A heat shield HS is placed outside the cathode to aid in con¬ 
centrating the electrons into a beam. 
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The control electrode CG performs the same function as the control 
grid in an ordinary vacuum tube. This electrode consists of a metal 
cylinder having a metal diaphragm with a small aperture that is placed 
directly in front of the electron-emitting surface of the cathode. The 
potential on the control electrode is made negative with respect to the 
cathode, and as a result the electrons, which are themselves negative, 
are prevented from diverging from the cathode and are bent inward 
along the axis of the tube. The number of electrons in the beam is thus 
controlled by the control-grid potential. 

A cylinder containing several diaphragms, each with an aperture, is 
placed in front of the control electrode. This cylinder AE is called the 
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Fig. 15-19.—The electron gun of a cathode-ray tube. 


anode or accelerating electrode. The apertures within the cylinder 
serve to remove from the beam any strongly divergent electrons that 
would otherwise produce a fuzzy spot. In order to accelerate the electron 
beam,- this electrode has a positive charge of several hundred volts with 
respect to the cathode. 

Following the first anode is the second anode or focusing electrode. 
This anodeFiBiisof a larger diameter than the first anode and is also much 
shorter in length. It generally has only one diaphragm. The second 
anode is charged to a much higher potential than the first anode. In 
some instances this voltage may be several thousand volts. Variations 
in the construction of the electron gun can be seen by observation of Figs. 
15-18 and 15-20. 

Focusing. The principal focusing action occurs in the electrostatic 
field between the accelerating and focusing electrodes. The beam is 
focused by changing the voltage on the focusing electrode, just as the 
intensity of the electron beam is controlled by varying the potential on 
the control grid. These two control actions are not wholly independent, 
for example, changing the beam intensity affects the focus and vice versa. 

In order to increase the brilliance and fineness of the trace, an extra 
element is sometimes placed in the tube. In some tubes this electrode 
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FE 2 takes the form of a screen grid and is connected to the accelerating 
electrode AE, 

Greater speed of the electrons results in lower sensitivity of deflection 
In some tubes an extra element, called an intcndfier, is used to speed up 
the electrons after they have passed the deflecting source. In this way, 
higher sensitivity can be obtained This element is located close to the 
fluorescent screen and may be maintained at the potential of the second 
anode or increased to several thousand volts. 

Fluorescent Screen The fluorescent screen consists of certain 
chemicals deposited on the inside surface of the flat end of the tube 
The chemicals may be willcmite, zinc oxide, calcium tungstate, zinc 
sulphide, zinc silicate, etc. When these chemicals arc hit by fast-moving 
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Fig 15-20- Stiucturo of the electron gun in a cathode-ray tube. {Courtesy of RCA 

Manufacturing Co ^ Inc) 

electrons they fluoresce, the color depending upon the particular chemical 
used. The color may be green, blue, violet, yellow, orange, red, or white. 
Green is most useful for visual observation because the eye is most 
sensitive to this color. 

After the electron beam strikes the fluorescent screen, the emission of 
light persists for a short time interval. The length of this time interval 
varies with the nature of the screen material and is usually only a small 
fraction of a second. Cathode-ray tubes are usually referred to as having 
a screen material with a long, medium, or short persistence. 

The viewing screen of standard-type tubes ranges in size from one to 
twelve inches in diameter. Increasing the size of the screen requires an 
increase in the length of the tube. Screen sizes ranging from one to five 
inches are generally used for laboratory oscilloscopes. 

Electrostatic Deflection. The electron beam may be deflected by using 
either electrostatic or electromagnetic means. In the electrostatic 
system, the electron beam is made to pass between two sets of parallel 
plates (see Fig. 15-18). Since an electron possesses a negative charge, as 
well as inertia, it will be attracted by a positive charge and repelled by a 
negative one. When a voltage is applied to either set of plates, the force 
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caused by the charges on these plates will deflect the electron beam toward 
the positive plate. This force is only eflTective during the period of time 
that the electron beam is passing between the plates and the longer the 
plates the greater will be the final displacement of the beam. 

One set of parallel plates, the set that is mechanically vertical, will 
cause the beam to be deflected in a horizontal direction. The other set 
of plates, mounted mechanically horizontal, will cause the beam to be 
deflected in a vertical direction. The deflection of the electron beam is 
directly proportional to the voltage applied to the plates. Since negli¬ 
gible power is required by the deflecting plates, they can be connected 
across practically anj^ circuit to observe its voltage variations. Cathode- 
ray oscilloscopes generally use the electrostatic deflection type of tube. 

ElecvromagneMc Deflection. The electron beam consists of electrons 
moving in one general direction at a high velocity. This beam therefore 
has the same characteristics as an electric current and as a result in the 
presence of a magnetic field the beam follows the laws of magnetism. 

In the electromagnetic type of deflection two pairs of coils are mounted 
around the neck of the tube. These coils are arranged with their respec¬ 
tive axis perpendicular to each other and perpendicular to the axis of the 
tube (see Fig. 16-18). The two coils F-F have a common vertical axis 
and any current applied to them will cause a horizontal deflection of the 
electron beam. The two coils X-X have a common horizontal axis and 
any current flowing through these coils will cause vertical deflection of 
the beam. 

The advantages of the electromagnetic type of deflection are: (1) 
the length of the tube is decreased; ( 2 ) control of the deflection of the 
beam is accomplished outside the tube; (3) elimination of the deflection 
plates makes the tube more rugged and cheaper to construct. 

Type Numbers, Originally each manufacturer assigned his own type 
numbers for cathode-ray tubes, but now the RMA has standardized the 
numbering system. In the RMA system the first number indicates the 
diameter of the screen in inches and the last two characters indicate 
the persistence and color of the trace. Pi indicates green, P 2 blue, Pz 
yellow, P 4 white, and Ps light blue. Thus, a 6 AP 1 is a tube having a 
green trace on a screen whose outside diameter is five inches. 

16-7. Cathode-ray Oscilloscope. General Principle. The oscillo¬ 
scope is an instrument for indicating the wave form of a variable voltage 
or current. The oscilloscope is based on the principle that a moving 
fluorescent spot can be made to appear as a stationary figure by properly 
adjusting the frequencies of the voltages across the two sets of deflection 
plates. 

Cathode-ray oscilloscopes are designed to produce on the screen of its 
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cathode-ray tube an mstant.-UK'ous visi])lo curve of one electrical quantity 
as a function of another eh'ctrical (quantity. Jf the (quantities vary 
recurrently, the trace of the elc'ctron Ix^am will appear on the fluorescent 
screen as a continuous curve, owinq^ to the persistemee of vision of the 
human eye. The voltage whose wave form is to be investigated is applied 
to the vertical deflection plates. A voltage? that acts as a timing wave is 
applied to the horizontal deflection plates. The resultant deflection of 
the electron beam produces a pattern on the fluorescent screen which is a 
visible indication of the manner that the voltage being investigated varies 
with respect to time. Generally, one or more circuits are incorporated 
within the oscilloscope to generate a timing wave. Usually a saw-tooth¬ 
shaped voltage wave is applied to the horizontal deflection plates so that 
the voltage being investigated will vary as a linear function of time. 

Oscilloscopes are designed primarily for the analysis of electrical 
circuits by studying the wave form of voltage and current at various 
points in the network. However, such an instrument may be applied to 
the study of any variable quantity which may be translated into electrical 
voltages by such means as a vibrator pickup unit, pressure pickup, etc. 

The cathode-ray tube may be considered as an indicating device with 
a pointer of negligible inertia and for this reason its frequency range is 
practically unlimited. However, the frequency range of an oscilloscope 
is limited by the frequency-response characteristics of the vacuum-tube 
amplifiers that are incorporated within the instrument. 

Sweep. Applying a voltage that has a constant time rate of change to 
the horizontal deflection plates will cause the beam to move straight 
across the face of the oscilloscope. Applying a varying voltage to the 
vertical deflection plates will then cause the electron beam to trace the 
wave form of the applied voltage on the fluorescent screen. The circuit 
that supplies the timing voltage to the horizontal deflection plates is 
arranged so that as soon as the timing voltage moves the beam all the 
way across the screen the beam is returned to the starting point and the 
process is repeated. This movement is called the siyeep.and the number 
of times it is repeated per second is referred to as the sweep frequency. 
Although the horizontal sweep is used practically universally for radio 
applications, a horizontal, vertical, or radial sweep may be used for elec¬ 
tronic applications. 

Sweep Oscillator. The sweep oscillator is used to generate a voltage 
flaving a wave form suitable for application to a set of deflecting plates in 
a cathode-ray tube in order to make the electron beam sweep back and 
forth across the fluorescent screen. For ideal conditions, the voltage 
produced by the sweep oscillator should have a linear time base. A saw¬ 
tooth wave, as shown in Fig. 15-21, produces a Unear time base. The 
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interval from A to C constitutes one period. The interval AS is the go 
or sweep time and the interval B-C is the flyback time. For ideal condi¬ 
tions, the sweep portion A-D should be perfectly linear and the flyback 



Time 

Fkj. 15-21.—A saw-tooth linear time base. 


time should be of a very short duration. To prevent the return trace 
from affecting the pattern on the screen, the electron beam is cut off 
during each flyback period. This can be accomplished by applying 
sufficient negative voltage to the control grid of the cathode-ray tube to 
cut off the electron beam during 
each of these intervals. 

Sweep Generator Circuits, The 
most common method of obtaining 
a saw-tooth wave is by charging a 
capacitor through a resistor from 
a high direct voltage source and 
using only the linear portion of 
the varying voltage (see Art. 

2-31). As only a relatively small 
portion of the charging curve is 
linear the capacitor should be I 6 - 22 . A simple sweep generator 

allowed to charge for only this 

small interval of time. This can be accomplished by connecting the 
capacitor across the plate and cathode of a gas diode or triode. When 
the voltage charge on the capacitor reaches an amount equal to the break¬ 
down voltage of the tube, the tube will start to conduct. Because of its 
low internal resistance while conducting, the tube will practically short- 
circuit the capacitor, thereby causing it to discharge almost instanta¬ 
neously. The interval of time during which the capacitor is charging will 
be determined by the breakdown voltage of the gas tube and the values 
of the capacitor and resistor. A simple sweep generator circuit using 
these principles is shown in Fig. 15-22. 

The useful frequency range of a sweep generator circuit using a gas 
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tube is limited by the deionization time of the tube. At frequencies 
above 50 kc, the deionization time of gas tubes becomes an appreciable 
portion of the total cycle, thus prohibiting their use at high frequencies. 
A number of vacuum-tube circuits have been developed that employ the 
trigger characteristic of a triode or pentode. The trigger action is pro¬ 
duced by causing a slight change in a circuit constant to change suddenly 
the plate or screen-grid current. This sudden change in current is used 
to charge or discharge a capacitor. A simple multivibrator circuit using 
this principle is shown in Fig. 15-23. IJnear time bases having a fre- 


c. 



Fig. 15-23.—A simple multivibrator circuit. 

quency range of from 2 cycles per second to 1,000,000 cycles per second 
can be obtained with vacuum-tube sweep generator circuits. 

Synchronization, A stationary pattern is obtained on the fluorescent 
screen when the frequency of the sweep voltage is synchronized with the 
frequency of the voltage being investigated. With proper apparatus, 
the sweep frequency can be adjusted from a few cycles per second to 
several hundred thousand cycles per second. Figure 15-24 illustrates the 
manner in which a single sine-wave pattern is produced on the screen 
when the frequency of the sine-wave input signal and the sweep frequency 
are equal. Figure 15-25 illustrates the manner in which a double sine-wave 
pattern is produced on the screen when the frequency^ of the sine-wave 
input signal is twice the value of the sweep frequency. 

Operation of an Oscilloscope, The operation of an oscilloscope will 
vary with the manufacturer and model. However, the following general 
instructions will apply to most oscilloscopes. The arrangement of the 
various controls of a commercial cathode-ray oscilloscope is shown in 
Fig. 15-26. 

All normal operating controls and terminals for most oscilloscopes are 
located on the front panel. Direct connection to the deflecting plates 
can generally be made by proper coimection to terminals located on the 
back or side of most oscilloscopes. 
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Fig. 15-24.—Pattern produced on the oscilloscope screen when the frequencies of the 
input voltage and the time base are equal and in phase, (a) Linear time base, (5) sine-wave 
i.iput voltage, (c) pattern on the oscilloscope screen. 



12 (a) 

Fig. 16-26.—Pattern produced on the oscilloscope screen when the frequency of the 
input voltage is twice the frequency of the time base and both frequencies are in phase, 
(a) Linear time base, (6) sine-wave input voltage, (c) pattern on the oscilloscope screen. 
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Related controls are grouped together and the groups are plainly 
marked .Controls for the verti(‘al deflection are on one side of the 
instrument panel and the controls tor the horizontal deflection are on the 
other side 

The beam controls comprise those which adjust the intensity, focus, 
and position of the fluorescent spot on the screen The intensity control 
adjusts the bias on the control grid and thus varies the intensity of the 



Fiq. 16-26 —A catliode-ray oscilloscope. {Courtesy of RCA Manufacturing Co,, Inc,) 

beam current. The focus control adjusts the voltage on the focusing 
electrode. The vertical and horizontal centering controls adjust the 
location of the spot or trace in the vertical and horizontal directions 
respectively. 

The linear time base or sweep generator controls include the frequency 
range and frequency vernier controls, synchronizing signal selector, 
s 3 mchronizing rignal amplitude control, and provision for applying an 
external sjmchronizing signal. The frequency-range selector determines 
the frequency range of the timing base. The frequency vernier control 
adjusts the frequency to any value within the range of a particular 
frequency-range-selector setting. The position of the synchronizing 
selector switch determines whether the rignal is to be synchronized 
internally, externally, or from the 60-cycle power line. A sjmchronizing 






Art 15-81 


TEST EQUIPMENT 


705 


adjustment for varying the amplitude of the synchronizing voltage is also 
usually provided The lesultant signal, as seen on the screen, may be 
amplified either vertically or horizontally by adjusting their respective 
gain controls 



1 lu 15-27 —A commercial tube tester {Courtesy of The Hickok ElectruxU Instrument 

• Company ) 

Uses of the Oscilloscope, The uses of the cathode-ray oscilloscope are 
many and varied It is beyond the scope of this text to give a detailed 
discussion of each application A few of the many uses as applied to 
radio receivers are (1) to align the i-f stages of a radio receiver when used 
in conjunction with a signal generator, (2) to align the r-f stages of a radio 
receiver when used in conjunction with a signal generator, (3) to deter¬ 
mine the quality of the a-f signal by examination of its wave form at 
various points in the audio section of the receiver. 

16-8. Tube Testers. Since vacuum tubes form an essential part of 
radio and electronic equipment it is necessary to have a test instrument 
that is capable of indicating the condition of a tube. There are a number 
of types of commercial tube testers and a good instrument should have 
provisions for checking (1) the emission of grid-type tubes, (2) the trans¬ 
conductance of grid-type tubes, (3) the plate current of rectifiers and 
diodes, (4) interelectrode short circuits in all types of tubes. For a quick 
appraisal of the condition of a tube, most tube testers provide an emission 



706 


ESSENTIALS OF RADIO 


[Art 16-8 


test with the results indicated on a scale marked Bad-Fatr-Good or Replace-- 
Doubtful-Good Some instruments have provision for testing the power 
output of power amplifier tubes A tube testei may measuie either the 
static or dynamic transconductanee of a tube or both The dynamic 
mutual conductance test is more indicative of a tubers operating charac¬ 
teristics than the static test, and hence is the type that is preferred 



Fia 15-28 —An L-C Checker and two of its apphcations Left, the L-C Checker, 
upper right, checking the inductance of a coil, lower right, checking the capacitance of a 
capacitor in a receiver {Courtesy of Aerovox Corporation ) 


The operation of a tube tester will vary with the manufacturer and 
model and for best results should be operated in accordance with the 
instructions accompanying the instrument A commercial tube tester 
illustrating the arrangement of the various controls and tube sockets is 
shown in Fig 15-27. In addition to providing means for testing all types 
of vacuum tubes, this instrument also provides means of testing gas 
tubes, ballast tubes, and electron-ray indicator tubes The dynamic 
mutual conductance is indicated directly in micromhos, and this test can 
be taken simultaneously with the emission test The gas content of a 
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tube can be measured and the condition of the tube indicated directly on 
the meter 

16-9. L-C Checker. There are various types of commercial test 
instruments designed for checking inductors and capacitors One of 
these instruments is the L-C CZ/ccAcr shown in Fig 16-28 An outstanding 
feature of this instrument is that it can be used for checking the charac¬ 
teristics of circuit elements without removing them from the circuit. 
This instrument thus provides a means for measuring the effective r-f 



j 

IiG 15-29.—RCA Chanalyst {Courtesy of RCA Manufacturing Co,, Inc,) 

capacitance of a capacitor and the effective r-f inductance of an inductor 
under actual operating conditions (see Fig 15-28) Another feature of 
this instrument is that it provides a means of checking the resonant 
frequency of tuned circuits such as r-f and i-f stages, antennas, trans¬ 
mission lines, wave traps, choke coils, etc. 

16-10. Chanalyst. One of the many test instruments that have been 
developed for effectively checking a radio receiver in a minimum amount 
of time is the Chanalyst. The Chanalyst is essentially an instrument that 
is designed to permit tracing the progress of a signal through each part 
of radio equipment. The Chanalyst shown in Fig. 15-29 is used chiefly 
for locating faults in radio receivers. This instrument has an r-f/i-f 
channel, an oscillator channel, an audio channel, a separate cathode-ray 
tuning indicator for each channel, an electronic voltmeter, and a power 
indicator. The operation of this instrument varies with the type of test 
for which it is to be used. The Chanalyst is used for checking radio 
equipment while it is in operation and hence this instrument has many 
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different types of applications. In general^ the testing procedure is to 
substitute one of the channels of the Chanalyst for the section of the 
receiver to be tested (see Fig. 15-30). However, for the proper use of the 



L . 


Ro. 1^0.—niustration of signal-tracing technique. The arrows indicate the path of 
the signd from the antenna through the RCA Chanidyst to the loudspeaker, thus bridging 
the artificial defect at point *. (Courtety of RCA Manufaetitring Co., I no.) 

Chanal 3 rst it is essential to follow rigidly the manufacturer’s instructions 
for each test. 
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QUESTIONS 

1. (a) State two reasons for testing radio and electronic equipment. (6) Name 
three systems of testing radio and electronic equipment. 

2. (a) Describe the point-to-point resistance measurement system of testing. 
(6) What are the advantages and disadvantages of this system? 

3. (a) Describe the voltage and current measurement system of testing. (6) 
W'liat are the advantages and disadvantages of this system? 

4. (a) Describe the signal-tracing system of testing. (6) What are the advantages 
and disadvantages of this system? 

5. (a) What is meant by a combination meter? (6) What are four other names 
for a combination meter? (c) What are the advantages of combination meters? 

6 . (a) Wliat is an ammeter? (b) What is a milliammeter? (c) How is an 
ammeter connected in a circuit? (d) How should an ammeter be protected when 
readings are not being taken? 

7. (a) What is a voltmeter? (b) How is a voltmeter connected in a circuit? 
(c) How should a voltmeter be protected when readings are not being taken? 

8 . (a) IIow is the sensitivity of a voltmeter usually expressed? (6) What 
sensitivity is considered desirable for a voltmeter used in testing electronic circuits? 

9. (a) Name a few applications of thermal-type instruments. (6) Name a few 
applications of rectifier-type instruments. 

10. (a) What is the purpose of a shunt? (6) Wliat is the difference between an 
internal and external shunt? 

11. (a) What is the purpose of a multiplier? (6) Can multipliers be used with 
alternating current and direct current instruments? 

12. (a) What is an ohmmeter? (6) Explain its basic principle of operation. 

13. (o) How does a decrease in battery voltage affect the reading of an ohmmeter? 
(6) What provision may be made to compensate for decreases in the battery voltage? 

14. (a) Describe the basic construction of a combination meter designed to measure 
a-c and d-c voltages, d-c currents, and resistance. (6) What precautions are necessary 
in using combination meters? 

16. (a) What is an output meter? (6) Describe the basic construction of an output 
meter. 

16. (a) How is the output meter connected to a radio receiver? (6) What is the 
purpose of using a capacitor with an output meter? 

17. (a) What arc some applications of the electronic d-c voltmeter? (5) What are 
the advantages of the electronic d-c voltmeter? 

18. Describe the principle of operation of a vacuum-tube voltmeter using plate 
rectification. 
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19. (a) What arc some applications of the vacuum-tube voltmeter? (b) What are 
the advantages of the vtvm? (c) What precautions arc necessary in using a vacuum- 
tube voltmeter? 

20. Describe the construction and principle of operation of a socket-selector unit. 

21. (a) What is a set analyzer? (b) What are its advantages? 

22. (a) What is an audio oscillator? {b) Name two types of circuits used in com¬ 
mercial audio oscillators, (c) What are the advantages of the resistance-capacitance 
type of audio oscillator? 

23. Describe seven uses of the audio oscillator. 

24. (a) What is an r-f test oscillator? (6) What are the requirements of a good 
r-f test oscillator? 

26. (a) WTiat is a signal generator? (6) Wliat are two other names for a signal 
g(‘nerator? 

26. Describe some applications of the signal generator. 

27. What procedure is suggested for aligning a radio receiver? 

28. Describe the two characteristics of an electron beam that enables the beam 
to be deflected or focused by use of electric or magnetic fields. 

29. Desci ibe the general construction of a cathode-ray tube. 

30. Explain the operation of an electron gun. 

31. (a) Explain the electrostatic field method of focusing the electron beam. 
(6) What is an intensifier? 

32. (a) What materials are used in making a fluorescent screen? (6) What si'ven 
colors are used for the fluorescence of the screen? (c) Which color of fluorescence is 
generally used? 

33. Explain the operation of the electrostatic deflection of an electron beam. 

34. Explain the operation of the electromagnetic deflection of an electron beam. 

36. Describe the RMA numbering system used for cathode-ray tubes. 

36. (a) What is an oscilloscope? (6) Wliat is the basic principle of the oscillo¬ 
scope? (c) Describe the operation of an oscilloscope. 

37. Define: (a) sweep, (6) sweep frequency, (c) sweep time, (d) flyback time. 

38. (a) What is a sweep oscillator? (6) What is the advantage of a saw-tooth 
wave? 

39. Describe the operation of a simple sweep generator circuit that is capable of 
producing a saw-tooth wave. 

40. (a) What is the disadvantage in using a gas tube in sweep generator circuits? 
(6) What is meant by a trigger circuit? (c) What is the advantage of trigger circuits? 

41. How is a stationary pattern obtained on the fluorescent screen of an oscillo¬ 
scope? 

42. Describe the operation of a commercial cathode-ray oscilloscope. 

43. Describe several applications of the oscilloscope. 

44. (o) State four requirements of a good commercial tube tester. (6) What is 
the advantage of a dynamic mutual conductance test? 

46 . Describe several applications of the L-C Checker. 

46 . (a) What is a Chanalyst? (b) What are the uses of a Chanalyst? (c) Describe 
the general testing procedure when using a Chanalyst. 
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Antenna. 




Counterpoise. 

(Body of car forms a counterpoise.) 


Battery cell. 

(Positive terminal indicated by a long line.) 


Coil or loop antenna. 



Doublet antenna. 


—|l|l|l— 


Battery. 


Oroundw/re.^ 
(fSortSB&S 
gage wire) 


Ground 
0' ciamp 


"Nearesf wafer pipe 
orground 

Ground. 


© 


Ammeter. 
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Siugle-pole single>throw switch. 



Multiple-deck circuit-selector switch. 





Double-pole double-throw 
reversing switch. 



Adjustable resistor. 



1111 \r 


Tapped resistor. 



Kheostat. 



Sinfl^e-deck circuit-selector switch. 



Poteniaometer. 



Transformer, iron-oore. 
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Ganged variable capacitors. 
Mechanical linkage. 



Coaxial cable. 



Twin coaxial cable. 



Shielded cable. 



Shielded capacitor. 



D>naimc speaker. 



Magnetic phonograph-pickup. 
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Single-button carbon microphone. 




Crystal microphone. 







Dynamic microphone* 
(Moving ooU.) 


Vibrator, nonaynohronous. 



Neon lamp. 



Photo tube. 





Voitagd regulator, cold cathode. 
(Qaeeoue.) 
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Half-wavo rectifier, 
directly heated cathode. 



Full-wave rectifier, 
directly heated cathode. 



Half-wave rectifier, 
indirectly heated cathode. 



Full-wave rectifier, 
indirectly heated cathode. 



-^1 

III TbP 

Triode, indirectly heated cathode. 




Tetrode, indirectly heated cathode. 



Pentode, indirectly heated cathode. 



Beam-power amplifier. 
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Electron-ray indicator tube. 



Cathode-ray tube, 
eleotrostatic-defleotion type. 



Cathode-ray tube, 
electromagnetic-deflection type. 



Cathode-ray tube. 




APPENDIX II 

LETTER SYMBOLS AND ABBREVIATIONS USED IN 
ELECTRONICS 


Term 


Alternating current. 

Alternating current or direct current... 

American Standards Association. 

Ampere (unit of current flow). 

Milliampere. 

Microampere... . 

Ampere-turn. 

American Wire Gauge. 

Antenna. 

Apparent power (see also Volt-amperes) 

Area. 

Circular mils. 

Square centimeters. 

Square inches. 

Automatic frequency control. 

Automatic volume control. 

Capacitance. 

Capacitor. 

Cathode ray. 

Cathode-ray tube. 

Cathode-ray oscilloscope. 

Centimeter-gram-second. 

Conductance. 

Constant. 

Continuous wave. 

Interrupted continuous wave. 

Modulated continuous wave. 

Coulomb (unit of charge). 

Coupling) coefficient of. 

Current. 

Alternating. 

Average value. 

Direct. 

Effective value (also rms value). 

Instantaneous value. 

Maximum value. 


Symbol 


Abbreviation 


a-c 

a-c/d-c 

ASA 


/ 


a or amp 
ma 


NI 

VA 


Ma 

A-T 

AWG 

ant 

A-P 

A 

cm or cir mils 
sq cm 
sq in 
afc 
avc 
C 
C 


c-r 

crt 

cro 


G 

K 


9 

K 

I 


cgs 


c-w 

icw 

mew 



a-c 

d-c 


Signal 
Cycles.. 


i 

r»^ 


c 
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Term 

Symbol 

Abbreviation 

Per second (see also Frequency). 


cps or c/sec 
kc 

Kilocycles. 


Megacycles. 


me 

Decibel. 


db 

Density, flux. 

B 


Diameter. 

d 

d or diam 

Direct current. 


d-c 

Distance. 

d 


Efficiency. 


eff 

Electromotive force. 


emf 

Counter electromotive force. 


cemf 

Energy. 

W 

en 

Equivalent. 

eq 

f 

Farad (unit of capacitance). 


Microfarad. 


Mf 

Hfif 

Micromicrofarad. 


Flux, magnetic. 

4> 

B 

Density. 


Force. 

F 


Frequency. 

/ 


Audio. 


a-f 

Intermediate. 


i-f 

Modulation. 


f-m 

Radio. 


r-f 

Resonance. 

fr 

Superhigh. 

shf 

Ultrahigh. 


uhf 

Very high. 


vhf 

Gausses (magnetic induction). 

B 

F 

Gilbert (unit of magnetomotive force). 


Greek alphabet 

Alpha. 

Capi- Lower 
tal case 

A a 


Beta. 

B /3 

r 7 


Gamma. 


Delta. 

A B 


Epsilon. 

E € 


Zeta. 

Z r 

H V 


Eta. 


Theta. 

0 e 


Iota. 

I t 


KapDa. 

K K 


Lambda. 

A X 


Mu. 

M At 


Nu. 

N V 


Xi. 

S f 

0 0 


Omioron. 
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Term 

Symbol 

Abbreviation 

Pi. 



Rho. 

P P 


Sigma. 

S ff 


Tau. 

T r 


Upsilon. 

T V 


Phi. 

4* ip 


Chi. 

X X 


Psi. 



Omega. 

a CO 


Ground. 

gnd 

h 

Henry (unit of inductance). 

L 

Millihenry. 


mh 

Microhenry. 


Mh 

Impedance. 

Z 

Inch. 


in. 

Inductance, self-. 

L 

Mutual. 

M 


Institute of Radio Kngineers. 

IRE 

Intensity, magnetic field. 

H 

Joule. 

j 

j 

k 

Kilo. 


Length. 

1 


Loudspeaker. 

LS 


Magnetomotive force. 

mmf 

Master oscillator power amplifier. 


mopa or MOPA 

Mathematical symbols 

Equals. 


Is approximately equal to. 



Does not equal. 



Is greater than. 

> 


Is much greater than. 

» 


Is less than. 

< 


Is much less than. 

« 


Therefore. 


Multiplied by. 

X or • 


Divided by. 

-i- or ; 


Positive, or plus. 

+ 


Negative, or minus. 



Plus or minus. 

± 


Angle. 

Z 


Sine.. 


sin 

Cosine. 


cos 

Tangent. 


tan 

Common logarithm. 


log 

antilog 

colog 

max 

Antilogarithm. 


Cologarithm. 


Maximum. 





















































724 


ESSENTIALS OF RADIO 


Term 

Symbol 

Abbreviation 

Maxwell 

0 


Meter (measure of length) 


m 

Centimeter 


cm 

Millimeter 


mm 

Mmimum 


min 

Modulation, amplitude 


a-m 

Factor 

m 


Frequency 


f m 

Per cent of 

M 


Phase 


p-m 

Oersted (unit of magnetic ii tc ii'-itv) 

H 


Ohm (unit of resistance) 

it or u) 


Megohm 

Mil 

meg 

Permanent magnet (loudspeakt r) 

PM 

pm 

Permeability 

M 


Permeance 

(P 


Pi 

7r(3 1416) 


Phase angle 

e 


Pole, north seeking 

N 


South seeking 

s 


Power 


P 

Power, output 


Po 

Power, output maximum 


P«m 

Power, output maximum undistortcd 


Po m u 

Power amphfication 


PA 

Power factor 


p-f 

Primary 

p 

p or pri 

Q-Factor (also Ratio of Al to R) 

Q 


Reactance 

X 


Inductive 

Xi. 


Capacitive 

Xc 


Radio Manufacturers Assodatioii 


RMA 

Reluctance 

(H 


Resistance 

R or r 

resis 

Root mean square 


rms 

Secondary 

S 

1 sec 

Switch 

S 

sw 

Smgle pole, single throw 


' spst 

Smgle pole, double throiTv 


1 spdt 

Double pole, smgle throw 


1 dpst 

Double pole, double throw 


dpdt 

Three deck, four circuit, eight positions 


3d-4c-8p 

Temperature, coefficient 

Te 


Degrees centigrade 



Degrees Fahrenheit 

op 


Thickness 

t 


Time 

tor T 
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Term 

Symbol 

Abbreviation 

Plate resistance. 

Tp 


Grid-plate transconductance (mutual conductance) 
Amplification factor. 

ffm 

n 


Grid-plate capacitance. 

Cgp 


Grid-cathode capacitance. 

Offh 

Cpk 

Po 

Pi 

Pp 


Plate-cathode capacitance. 


Grid-heater capacitance. 


Plate-heater capacitance. 


Power output. 

Power input. 

Plate dissipation. 

Vacuum-tube voltmeter. 

vtvm 

Volt (unit of electrical pressure). 

E 

V 

Kilovolt. 

kv 

Millivolt. 


mv 

Microvolt. 


MV 

Voltage. 

E 

Average value. 

E^ve 


Effective value (also rms value). 

E 


Instantaneous value. 



Maximum value. 



Signal. 

e 


Volt-amperes. 

VA 

v-a 

Kilovolt-amperes. 

KVA 

kva 

Voltage amplification. 

VA 

Voltage amplification at medium values of audio 
frequencies. 


VAat 

VAl 

VA^ 

VR 

Voltage amplification at low values of audio fre¬ 
quencies . 


Voltage amplification at high values of audio fre¬ 
quencies . 


Voltage regulation. 


Volume unit. 


v-u 

Watt (unit of electrical power). 

W or P 

w 

Kilowatt. 

kw 

Kilowatt-hour. 

Milliwatt. 

Microwatt. 


kwhr 

mw 

nw 

Wavelength. 


Wire, single cotton covered. 


see 

Double cotton covered. 


dec 

Single silk covered. 


BSC 

Double silk covered. 


dsc 

Enamel single cotton covered. 


escc 

Enamel double «il1r covered. 


edsc 
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CONVERSION FACTORS 


Given 

To obtain 

Multiply by 

Divide by 

Amperes 

Milliamperes 

1000 


Amperes 

Microamperes 

1,000,000 


Ampere turns 

Gilberts 

1.257 


Bars 

Dynes per sq cm 

1 


Centimeters 

Feet 


30.48 

Centimeters 

Inches 


2.54 

Centimeters 

Meters 


100 

Centimeters 

Millimeters 

10 


Centimeters 

Mils 

393.7 


Circular mils 

Square centimeters 


197,300 

Circular mils 

Square inches 

j 

1,273,000 

Circular mils 

Square mils 


1.273 

Cycles per second 

Kilocycles per second 


1000 

Cycles per second 

Megacycles per second 


1,000,000 

Degrees (angle) 

Minutes 

60 


Degrees (angle) 

Seconds 

3600 


Degrees (angle) 

Radians 


57.3 

Dynes 

Grams 


980.7 

D3rnes 

Kilograms 


980,665 

Dynes 

Ounces 


27,800 

Dynes 

Pounds 


444,823 

Dynes per square centi¬ 
meter 

Bars 

1 


Farads 

Microfarads 

1,000,000 


Farads 

Micromicrofarads 

low 


Feet 

Centimeters 

30.48 


Feet 

Inches 

12 


Feet 

Meters 


3.281 

Feet 

Miles 

i. - . , . 

5280 

Foot-pounds per minute 

Horsepower 


33,000 

Foot-pounds per second 

Horsepower 


550 

Frequency in kilocycles 

Wavelength in meters 

(See Appendix XIV) 

Gausses 

Lines per square centi¬ 
meter 

1 


Gausses 

Lines per square inch 

6.452 


Gilberts 

Ampere-turns 


1.267 

Grams 

Dynes 

980.7 


Grams 

Kilograms 


1000 
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Given 

To obtain 

Multiply by 

Divide by 

Grams 

Ounces 


28.35 

Grams 

Pounds 


453.6 

Henries 

Millihenries 

1000 


Henries 

Microhenries 

1,000,000 


Horsepower 

Foot-pounds per minute 

33,000 


Horsepower 

Foot-pounds per second 

550 


Horsepower 

Kilowatts 


1.341 

Horsepower 

Watts 

746 


Inches 

Centimeters 

2.54 


Inches 

Feet 


12 

Inches 

Meters 


39.37 

Inches 

Mils 

1000 


Joules 

Kilowatt-hours 


3,600,000 

Joules 

Watt-hours 


3600 

Joules 

Watt-seconds 

1 


Kilo>units 

Units 

1000 


Kilocycles per second 

Cycles per second 

1000 


Kilocycles per second 

Megacycles per second 


1000 

Kilocycles per second 

Wavelength in meters 

(See Appendix XIV) 

Kilograms 

Dynes 

980,665 


Kilograms 

Grams 

1 1000 


Kilograms 

Pounds 

2.205 


Kilometers 

Meters 

1000 


Kilometers 

Miles 


1.609 

Kilovolts 

Volts 

1000 


Kilovolt amperes 

Volt-amperes 

1000 


Kilowatts 

Horsepower 

1,341 


Kilowatts 

Watts 

1000 


Kilowatt-hours 

Joules 

3,600,000 


Lines per square centimeter 

Gausses 

1 


Lines per square centimeter 

Lines per square inch 

6.452 


Lines per square inch 

Gausses 


6.452 

Lines per square inch 

Lines per square centi¬ 
meter 


6.452 

Megacycles per second 

Cycles per second 

1,000,000 


Megacycles per second 

Kilocycles per second 

1000 

1 

Mega-units 

Units 

1,000,000 

! 

Megohms 

Ohms 

1,000,000 


Meters 

Centimeters 

100 


Meters 

Feet 

3.281 


Meters 

Inches 

39.37 


Meters 

Millimeters 

1000 


Mhos 

Micromhos 

1,000,000 


Microamperes 

Amperes 


1,000,000 

Microamperes 

Milliamperes 


1000 

Microfarads 

Farads 


1,000,000 

Microfarads 

Micromicrofarads 

1,000,000 
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Given 

To obtain 

Multiply by 

Divide by 

Microhenries 

Henries 


1,000,000 

Microhenries 

Millihenries 


1000 

Micromhos 

Mhos 


1,000,000 

Micromicrofarads 

Farads 


10‘* 

Micromicrofarads 

Microfarads 


1,000,000 

Micromicro-units 

Units 


10^* 

Microseconds 

Seconds 


1,000,000 

Micro-units 

Units 


1,000,000 

Microvolts 

Volts 


1,000,000 

Microvolts 

Millivolts 


1000 

Microwatts 

Watts 


1,000,000 

Microwatts 

Milliwatts 


1000 

Miles 

Feet 

5280 


Miles 

Kilometers 

1.609 


Milliamperes 

Amperes 


1000 

Milliamperes 

Microamperes 

1000 


Millihenries 

Henries 


1000 

Millihenries 

Microhenries 

1000 


Millimeters 

Centimeters 


10 

Millimeters 

Meters 


1000 

Milli-units 

Units 


1000 

Millivolts 

Volts 


1000 

Millivolts 

Microvolts 

1000 


Milliwatts 

Watts 


1000 

Milliwatts 

Microwatts 

1000 


Mils 

Centimeters 


393.7 

Mils 

Inches 


1000 

Minutes 

Seconds 

60 


Minutes 

Degrees 


60 

'Ohms 

Megohms 


1,000,000 

Ounces 

Dynes 

27,800 


Ounces 

Grams 

28.35 


Ounces 

Pounds 


16 

Pounds 

Dynes 

444,823 


Pounds 

Grams 

453.6 


Pounds 

Kilograms 


2.205 

Pounds 

Ounces 

16 


Radians 

Degrees 

57.3 


Seconds 

Degrees 


3600 

Seconds 

Microseconds 

1,000,000 


Seconds 

Minutes 


60 

Square centimeters 

Circular mils 

197,300 


Square centimeters 

Square inches 


6.452 

Square inches 

Circular mils 

1,273,000 


Square inches 

Square centimeters 

6.452 


Square mils 

Circular mils 

1.273 


Units 

Mega-units 


1,000|0IKI 
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Given 

To obtain 

Multiply by 

Divide by 

Ciiits 

Kilo-units 


1000 

Units 

Milli-units 

1000 


Units 

Micro-units 

1,000,000 


Units 

Micromicro-units 

10^2 


Volt-amperes 

Kilovolt-amperes 


1000 

Volts 

Kilovolts 


1000 

Volts 

Millivolts 

1000 


Volts 

Microvolts 

1,000,000 


Wavelength (meters) 

Frequency (kc) 

(See Appendix XIV) 

Watt-hours 

Joules 

3600 


Watt-seconds 

Joules 

1 


Watts 

Horsepower 


746 

Watts 

Kilowatts 


1000 

Watts 

Milliwatts 

1000 


Watts 

Microwatts 

1,000,000 









APPENDIX IV 

EXPONENTS AND THEIR USE 


When circuit or problem calculations involve the use of very large or very small 
numbers, the method of expressing these numbers and performing arithmetic oper¬ 
ations can be simplified by the use of exponents. This is really a shorthand method 
of mathematics. 

The following table shows *i list of numbers and the corresponding representations 
by the exponent method 


Number 

Exponent method 

1 Number 

Exponent method 

100,000,000 

10® 

1 

10® 

10,000,000 

lO’^ 

0.1 -A 

10-1 

1,000,000 

10® 

0.01 

10-* 

100,000 

10® 

0.001 = ToVu 

10“« 

10,000 

10® 

0.0001 

10-® 

1,000 

10® 

0.00001 

10-* 

100 

10* 

0.000001 

10-* 

10 

101 

0.0000001 

lO-’ 

1 

10® 

0.00000001 

10-® 


The following examples illustrate the use of the exponent method of expressing 
common numbers. 

1. 6 ma « 0,005 amp « 5 X lO”^ amp 

2. 25 jua = 0.000025 amp = 25 X 10“® amp 

3. 3.9 me =* 3,900,000 cycles = 3.9 X 10® cycles 

4. 8,500,000 = 8.5 X 10® 

5. 0.0035 « 3.5 X lO”* 

6. 6.28 X 10“ « 6,280,000,000,000,000,000 

Note.—This is the number of electrons corresponding to one ampere. 

Numbers that have similar exponent characteristics may be added or subtracted 
as indicated by the following illustrations. 

7. (4.5 X 10®) + (8.25 X 10®) + (0.25 X 10®) = 13 X 10® 

8. (8.5 X 10®) - (3.5 X 10®) » 5 X 10® 

When numbers are multiplied, the exponents are added. The exponents do not 
have to be the same. 

9. 650,000 X 3,000 « (6.5 X 10®) X (3 X 10®) = 19.5 X 10® 

10. 2,500,000 X 0.005 « (2.5 X 10®) X (5 X 10-®) « 12.5 X 10® 

11. 0.015 X 0.0006 * (1.5 X lO"*) X (6 X 10“®) « 9 X 10-® 

When numbers are divided, the exponents are subtracted. The exponents do 
not have to be the same. 

12. 750,000 4- 150 - (7.5 X 10*) + (1.6 X 10*) - 5 X 10® 
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13. 2,500 50,000 = (25 X 10*) (5 X 10^) « 5 X 10“* 

14. 6,000 0.025 = (5 X lO^) (2.5 X lO"*) = 2 X 10* 

When a number set up in its exponent form is increased by a power such as a 
square, cube, etc., the number is increased by the power and the exponent factor is 
multiplied by the power as is indicated by the following illustrations. 

15. 15,000* = (15 X 103)2 = 225 X 10« 

16. 300* « (3 X 102)3 = 27 X 10« 

17. 2000^ = (2 X 103)4 = 16 X 10« 

When it is desired to obtain the root of a number, the exponent method may some¬ 
times facilitate the work. This does not apply to every number and root but requires 
keen observation to detect when it may be used. The procedure is to extract the 
root of the number and divide the exponent factor by the root. This is illustrated 
by the following examples. 

18. \/64 X 10* = 8 X 104 

19. V64 X 10* =» not solvable by the short method 

20. -^64 X lO* = 4 X 10* 

21. v^l6 X 10* = 2 X 10* 

By using combinations of the preceding procedures it is often possible to shorten 
much of the tedious work of arithmetic and to increase the speed and accuracy of 
electrical circuit calculations. The method of solution in the following illustrations 
may not be apparent immediately, but upon careful inspection it should be detected. 


22. 

26,000 + 14,000 4- 2000 (26 4- 14 

1400 - 800 (14 - 

-f 2)103 42 X 103 

8)10* ■ 6 X 10* 

=■ 7 X 10* 

OQ 

2500 X 500 X 2000 

25 X 10* X 6 

X 10* X 2 X 10’ 

260 X 10* 


80 X 12,500 

8 X 101 X 1.25 X 104 

10 X 10® 





- 25 X 10* 

24. 

650 X 2000 X 400 

6.5 X 10* X 2 

II 

M 

o 

X 

X 

o 

X 

52 X lO’^ 


0.02 X 0.013 

2 X 10-* 

X 13 X 10-’ 

26 X 10-‘ 


- 2 X 10» 



APPENDIX V 

FORMXJLAS COMMONLY USED IN RADIO AND ELECTRONICS 


Note. —The numbers appearing opposite the equations correspond to the numbers 
of the same equations in the text or to the equations from which they were derived. 
These numbers are included to facilitate reference to figures, text, and nomenclature 
when such reference is desirable. 


Ohm’s Law 


Series Circuit 


Parallel Circuits 


DIRECT CURRENT 


Voltage — IR — Y \/RP 

(2-26), (2-27) 

Current - | J 

(2-26), (2-27) 

Resistance — y ~ p ~ ~p 

(2-26), (2-27) 

ii 

10 

11 

(2-27) 

P == ri 4“ ^2 4“ r* • • • 

(2-28) 

P = Cl 4- ^2 4“ ^8 • • • 

(2-29) 

I ^ ^ u = 28 * • • 

(2-30) 

P = Pi 4- P2 4- P8 • • ' 

(2-31) 


Two resistors in parallel 


R 


r2 


rir2 

n 4-^2 
Rri 

ri — R 


(2-32a) 

(2-326) 


Any number of resistors in parallel 


ri r2 ra 

E — ei — €2 ^ ez •• • 

7 = + 22 4 " ^8 • • • 

P = Pi 4- p2 4* Pa • • • 

ALTERNATING CURRENT 


(2-32) 


(2-33) 

(2-34) 

(2-31) 


Maximum, Effective, and Average Values of Sine Wave Currents and Voltages 

Maximum value ** effective value « 1.414 effective value 

effective value - -- , 

=“ 1.67 average value 


Effective value 


0.707 

maximum value 

V2 


maximum value 
1.414 
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Effective value « 0.707 maximum value = 1.11 average value 
Average value = 0.637 maximum value = 0.9009 effective value 


Ohm’s Law 


• Voltage = 72 = 

Current = | = g ^^p - g (2-35), (2-36) 

Impedance *= f = \/ft’ + (-Vt - Xe)» (2-35), (2-37o), (2-41) 

Power = 7‘K - T; X 7 X P-F (2-1), (2-36) 

Power factor ” ^ “ f ” *^8 ® (2-37), (2-37a), (2-375) 

Series Circuit 

Resistance and inductance 

z = Vtb* + Xi* 

R = VZ‘ - Xi.‘ 

Xi - vz» - R* 

Resistance and capacitance 

Z = VR* + Xc^ 

R = VZ^ - Xc* 

Xc « VZ^ - 

Inductance and capacitance 

Z ^Xl-Xc 
X/. = Z -f Xe 
Xc * Z -f Xl 

Resistance, inductance, and capacitance 

Z - + (Xl - XcF 

R = \/Z» - {Xl - XcF 
Xl = \/Z‘ - J?* -f Xe 
Xc = Xl - VZ‘ - 

Any number of resistors, inductors, and capacitors in series (Fig. 2-33) 

Z = VC^i + r2 -h rg • • •)* + (^Li -h xl 2 -h XL 3 • • • - xci — xca - xct • • •)* 



(2-28). (2-39), 
(added vectorially) 

(2-40), (2-41) 

X = Cl -f- ^2 4- ea • * • 

(2-42) 

7 “ »i = U = is ♦ • ' 


(2-30) 

7* ■* Pi + p2 + Ps • * 


(2-31) 

p.F = — 

El 


(2-37) 


( 2 - 10 ) 

( 2 - 10 ) 

(2-10) 

( 2 - 22 ) 

( 2 - 22 ) 

( 2 - 22 ) 

(2-41) 

(2-41) 

(2-41) 


(2-41) 

(2-41) 

(2-41) 

(2-41) 


Parallel Circuits 


Two circuits in parallel 
Resistance and inductance 

Resistance and capacitance 


Z = 


ZiZ, 

Zi -fZ, 

RXl 

VB' + Xl* 
RXc 

' vwirx? 


(2-64) 

(2-64) 

(2-64) 
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Inductance and capacitance 


XlXc 
Xl - Xc 


Resistance, inductance, and capacitance 

_ RXlXc _ 

V(XtXc)* + - Xc)* 

For parallel circuits listed above 


^ s f j s ^2 ~ 6$ * * * (2-33) 

/ * ti + ^2 + ^3 • • • (added vectorially) (2-43) 

^ Pi + Pa + p8 * * • (2-31) 

P-F = ^ (2-37) 

Combination Parallel-series Circuit 

Also see equations listed under Parallel Resonant Circuit. No single equation is 
available for this type of circuit. For solution see Art. 10-9 of the authors^ Electrical 
EsaerUtala of Radio. 

INDUCTORS 

Inductance of a Coil 
Multilayer coil 


Flat or pancake coil 


Solenoid 


Inductive Reactance 


Impedance of a Coil 
’ Power Factor 


CoU Q 


0.8a*iV» 

' 6a + 96 + 10c 

r __ 

^ “ 8a -f 11c 

r _ 

^ “ 9a + 106 
Xl * 27r/L 
- Vfii.* + Xl* 


Rl 

^Rl^ 4- Xl* 


Xl 2ir/L 


(2-12), (2-12a) 


(2-8), (2-58) 


V-^- 

Inductors in Series 

Lr * Li 4- L 2 -h L| • • • (no flux linkage between coils) (2-13) 

Xlt XLi + xl 2 + xli • • • (no flux linkage between coils) (2-39) 
Lr * Li + L 2 ± 2ijL y/LiLt (flux linking the coils) (2-16) 

Xlt 2tvfIjT (2-8) 


Inductors in Parallel 


1.1.1 

Li Li Lt 


Xlt 


Xhl XLi Xli 


(no flux linkage between coils) 


(no flux linkage between coils) (2-45) 
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Mutual Inductance 

Coefficient of Coupling 
Energy Stored 


Capacitance 

Capacitive Reactance 

Xc - 

Impedance of a Capacitor 
Power Factor 

Capacitors in Series 
Two capacitors 


Any number of capacitors 


M -^KVLJ^ 
K^L2 


Lt 

K 


M 


\/LiL2 


^ 2 
CAPACITORS 

_ 22A5KA(N - 1) 
10*^ 


10 « 

27 rfC 


159,000 


fC 

z = 

Rc 


(C in microfarads) 


A Rc 
cos 6c = ^ 


Zo y/Rc^ -I- Xc* 


Cr 

C2 


Ct = 


C 1 C 2 
Cl + C 2 
CtCi 
Cl - Ct 

1 


1 + 1 + 1 

c, ^ c, ^ c. 


XcT = Xci + XC2 + Xcz 


Capacitors in Parallel 


Ct 

XcT 


Energy Stored 


C, + C 2 + C, • 
1 

i + j_ + i_ 

Xci XC 2 Xcz 


2ir/CT 

10 < 

2ir/Cr 


W 


CE* 

2 


RESONANCE 

Resonant Frequencyi Inductance, and Capacitance 

(Applies to both series and parallel resonant circuits) 

10* 159 


Frequency of resonance 


/r- 


2r -y/IX! \^LC 


(2-6) 

(2-6) 

(2^) 

(2^) 

(2-19) 

(2-20), (2-20a) 
( 2 - 22 ) 
(2-23), (2-23a) 

(2-24a) 

(2-246) 

(2-24) 

(2-40), (2-20) 

(2-26) 
(2-46), (2-20) 

(2-18) 


(2^) 
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Inductance required for resonance 

, 25,300 

Capacitance required for resonance 

^ _ 25,300 
““ fr^L 


Series Resonant Circuit (Fig. 2-36a) 

At any frequency 

Z = xTRi 4- (Xl - Xc)» 

At resonant frequency 


(2-49) 

(2-50) 


(2-41) 


'-f 


ZiZj 
"1“ ^2 


R (minimum value possible) 
(maximum value possible) 

El * Ec = EQ 

Parallel Resonant Circuit (Fig. 2-365) 

At any frequency 

Zt 

Zt = Xc \jj 

when R is much smaller than Xl, 

Zt = ■ 

At resonant frequency 

Zt = QXl ~ (maximum possible value) 

II 
I 


+ Xl^ 


^R^ + (Xl - Xc)2 

XcXl 
^R^ ~^{Xl - Xct)* 


Ic-IQ 

E 

QXl 


(minimum possible value) 


'Width of Frequency Band for a Single Resonant Circuit at 0.707 of the 
Response 

" 0 %rL 

COUPLED RESONANT CIRCUITS 


(2-53) 

(2-54) 

(2-54) 

(2-55) 

(2-56) 

(2-57) 

(2-35) 

Maximum 

(2-59) 


Width of Band Pass 
Critical Coupling 


h -/l « Kfr 


Kc 

QpQs 


1.5 

\^QpQs 

2.25 

Kc* 


(2-S4) 

( 2 - 86 ) 

(2-87) 


Energy Stored 


TANK CIRCXHT 


Wt 

Wt 

TTi 


Lit* Cet* 
2^2 
CEi* 

Lh* 


(10-6) 

(10-13C) 

(10-14) 



738 

ESSENTIALS OF RADIO 



TRANSFORMERS 


Ratio 

Np~ >Lp “ ^Rp 

(2-72), (2-72o) 

Secondary Voltage 

Es “ nEp 

(2-16) 

Reflected Impedance 

Zp.s. = 

(2-73) 


Zs-p' = n'^Zp 

(2-74) 

Reflected Resistance 

11 

(2-76) 


-Rs-p' = n^Rp 

(2-77) 

Reflected Reactance 

Y Xs 

(2-78) 


Xs^p' — n^Xp 

(2-79) 

Reflected Inductance 

f Lb 

(2-80) 


Ls-P' = w*Lp 

(2-81) 

Reflected Capacitance 

— fiHJs 

(2-82) 


rt 

Cs-P- = ^ 

(2-83) 


TIME CONSTANT 


Resistance-inductance Circuit 




(2-88) 

Resistance-capacitance Circuit 



t - CR 

(2-80) 


DECIBELS 


In Terms of Power 

db “ 10 log ^ 

(8-1) 

In Terms of Voltage and Resistance 



db - 20 log ^ 

EtVRi 

(8-2c) 

In Terms of Voltage 

db » 20 log ^ 

(8^) 

In Terms of Current and Resistance 



db - 20 log 

ItVSi 

(8-8*) 

In Terms of Current 

db - 20 log ^ 

(8-5) 
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In Terms of Pressure Levels 


db = 20 log 


Amplification Factor 


VACUUM-TUBE CONSTANTS 


M = ^ {ib — constant) 


= gmTp 


Dynamic Plate Resistance 


^ {^e — constant) 


Grid-plate Transconductance (Mutual Conductance) 

Pn ^ (c6 — constant) 


VOLTAGE AMPLIFICATION 


Triode with Resistance Load 


Triode with Reactance Load 


Pentode with Reactance Load 


Ho -j- Tp 


Zo Tp 


Nk^gm 


Zo “h Tp 


when Tp >> Zo 


VA ^ gmZo 


Multistage Amplifier Circuit 

VAr » VAi X VA2 X VAa, • • • 
dbr = dbi -|- dba ~h dba, • • * 

VOLTAGE AMPLIFICATION OF R-F AMPLIFIERS 


Tuned Impedance 


\k^g^2irfLQ 


Transformer with Untuned Primary and Timed Secondary 

Yk^gn.2irfMQ 

Transformer with Tuned Primary and Tuned Secondary (Band-pass Amplifier) 

VA ^ 0 

K* + 
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VOLTAGE AMPLIFICATION OF A-F AMPLIFIERS 
Resistance-capacitance Coupling 


Medium frequencies 
Triodes 



+ Tp 

(7-5) 

Pentodes 

VAjif ~ QtnReq 

(8-106) 

Low frequencies 

VAt = A'iVAif 

(8-12) 

Triodes, Vp < Re and Rg 




(8-1 If) 




Pentodes 

Kr ~ .^ . 

(8-11) 



High frequencies 

VAh - KhVAm 

Kn - ^ 

Vi + (2ir/CVff.,)» 

(8-15) 


(8-14a) 

Transfonner Coupling 


(8-27) 

Medium frequencies 

VAjjf ^ fin ^ 

+ Xlp* 

(8-29) 

Low frequencies 

VAt = KlNAm 

(8-12) 


Kj. - 

y/Ri^ 4- Alp* 

(8-31) 

High frequencies 

VAh « KhYAm 

(8-15) 


Kn - 

+ (Xp" - Ar)* 

(8-32) 


FEEDBACK AMPLIFIERS 


Output Voltage 

/ A 

*' ” 1 - A/S 

(^40) 

Distortion Voltage 

D' — c ' ^ 

(8-41) 

Negative Feedback 



Voltage amplification 

A 1 / 1 \ 

e. 1 - A/S ;s( 1 ) 

V A^/ 


VA 

(843), (8-43a) 

when Afi > 1 




VA' S - I (8-44) 
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Feedback factor 


A^ 


«/ 


Per cent output voltage being fed back 


e. — e/ 


/S ^ 


Pf “1“ p2 


Single-tube Triodes, Class A 
Power output 


POWER AMPLIFIERS 


Po - Ro 




Maximum power output 


(Ro + rp)* 


■* 0»Pt A 


4rj 


Sr® 


Maximum undistortcd power output 


p _ 2(,aE,)^ _ 

* o«m*u ““ 7i — - VZ ... 


9rp 9rp 

Power Output, Pentodes, and Beam Power Tubes 

I^^i-inax ihAxmn ~f~ 1.41 (/x Iy)\^Ro^ 


Po = 

Push-pull Operation, Triodes, Class A 
Power output 


32 


Po 


Maximum power output 


AinEo^Ro' 
(2rp + Ro'P 


Po.m = 


4rp 


POWER SUPPLY 

Output Voltage, without Filter, Resistance Load 

Full-wave 


Half-wave 

Per Cent of Ripple Voltage 

General equation 


Eo *-* 0.9JS^a—0 
Eo 0.45i?a-< 

Per cent Er = -S^ X 100 

/!rd.e 


Capacitor input filter circuit 
At the output of first capacitor 

Per cent Er.i 

At the output of second capacitor 
Using a filter choke 


, 2245 X 10< 

= frRoCi 


Using a filter resistor 


j. n c^nt Er.l 

Per cent Er.t = []o-«(2ir/,)*I.iCd - 1 


Per cent Er.i i 


, Per cent Er.i X 10* 
Sr/rCiAi 


(8-42) 

(8-47a) 

(9-26) 
(9-4), (9-4a) 

(9-6), (9-6o) 

(9-15) 

(9-18) 

(9-19) 

( 11 - 1 ) 

( 11 - 2 ) 

(11-4) 

( 11 - 6 ) 

( 11 - 6 ) 


( 11 - 7 ) 
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Choke input filter circuit, fr — 120 cycles 
At the output of first capacitor 


Per cent AVi = 

(ll-9o) 

At the output of second capacitor 


650 

Per cent 

(ll-lOo) 

Voltage Regulation 


VR - X 100 

El 

(11-8) 

Critical Inductance of Input Choke 


j Ro 

1000 

(11-11) 


RELATION BETWEEN WAVELENGTH AND FREQUENCY 


Wavelength 


Frequency 


300,000 

/ 

(1-2) 

300,000 

X 

(1-3) 


AMPLITUDE MODULATION 
Per Cent of Amplitude Modulation 

maximum voltage of the modulating wave 
maximum voltage of the carrier wave 


M 


X 100 


(13-3) 


FREQUENCY MODULATION 

Frequency Deviation 

/d “ variation of the radio frequency away from the center or resting frequency 


Deviation Ratio or Frequency Modulation Index 

variation of the r«f away from the center frequency 
modulating (audio) frequency 


M/ 


ANTENNAS 

Length of Half-wave, Fundamental, or Hertz Antenna 

, _ 492 X A? 

(--7— 

Length of Quarter-wave, Grounded, or Marconi Antenna 


(13-9) 


Resonant Frequency 


Z Csi — 

^- 4.2 

CRYSTALS 




(10-17) 
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BARE ANNEALED COPPER WIRE TABLE 


American Wire Gauge (formerly Brown & Sharpe Gauge) 
Resistance values at 20 degrees centigrade, 68 degrees Fahrenheit 


AWG 
(B & S) 
gauge 

Diameter 
in mils 

Area in 
circular mils 

Ohms per 
1000 feet 

Feet per 
pound 

0000 

460 

211,600 

0.0490 

1.561 

000 

409.6 

167,800 

0.0618 

1.968 

00 

364.8 

133,100 

0.0779 

2.482 

0 

324.9 

105,500 

0.0983 

3.130 

1 

289.3 

83,690 

0.1239 

3.947 

2 

257.6 

66,370 

0.1563 

4.977 

3 

229.4 

52,640 

0.1970 • 

6.276 

4 

204.3 

41,740 

0.2485 

7.914 

5 

181.9 

33,100 

0.3133 

9.980 

6 

162.0 

26,250 

0.3951 

12.58 

7 

144.3 

20,820 

0.4982 

15.87 

8 

128.5 

16,510 

0.6282 

20.01 

9 

114.4 

13,090 

0.7921 

25.23 

10 

101.9 

10,380 

0.9989 

31.82 

11 

90.74 

8234 

1.260 

40.12 

12 

80.81 

6530 

1.588 

50.59 

13 

71.96 

5178 

2.003 

63.80 

14 

64.08 

4107 

1 2.525 

80.44 

15 

57.07 

3257 

3.184 

101.4 

16 

50.82 

2583 

4.016 

127.9 

17 

45.26 

2048 

5.064 

161.3 

18 

40.30 

1624 

6.385 

203.4 

19 

35.89 

1288 

8.051 

256.5 

20 

31.96 

1022 

10.15 

323.4 

21 

28.46 

810.1 

12.80 

407.8 

22 

25.35 

642.4 

16.14 

514.2 

23 

22.57 

509.5 

20.36 

648.4 

24 

20.10 

404.0 

25.67 

817.7 

25 

17.90 

320.4 

32.37 

1031 

26 

15.94 

254.1 

40.81 

1300 

27 

14.20 

201.5 

51.47 

1639 

28 

12.64 

159.8 

64.90 

2067 

29 

11.26 

126.7 

81.83 

2607 
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AWG 

(B&S) 

gauge 

Diamoter 
in mils 

Area in 
circular mils 

Ohms per 
1000 feet 

Feet per 
pound 

30 

10.03 

100.5 

103.2 

3287 

31 

8.928 

79.70 

130.1 

4145 

32 

7.950 

63.21 

164.1 

5227 

33 

7.080 

50 13 

206.9 

6591 

34 

6.305 

39.75 

260.9 1 

8310 

35 

5.615 

31.52 

329.0 

10,480 

36 

5.000 

25 00 

414.8 ' 

13,210 

37 

4.453 

19.83 

523. \ 

16,660 

38 

3.965 

15.72 

659.6 

21,010 

39 

3.531 

12.47 

831.8 

26,500 

40 

3.145 

9.888 

1049 

33,410 

41 

2.80 

7.8400 

1323 

42,140 

42 

2.49 

6.2001 

1673 

53,270 

43 

2.22 

4.9284 

2104 

67,020 

44 

1.97 

3.8809 

2672 

85,100 

45 

1.76 

3.0976 

3348 

106,600 

46 

1.57 

2.4649 

4207 

134,040 
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DIELECTRIC CONSTANT (X) AND DIELECTRIC STRENGTH 
(VOLTS PER 0.001 IN.) OF VARIOUS MATERIALS 


Material 

1 

Dielectric 

constant, 

K 

Dielectric 
strength, 
volts per 
0.001 in. 

Air— . 

1 

80 

Aluminum oxide layer. . 

10 


Bakelite . 

6 

500 

Cambric, varnished . 

4.5 

1200 

Cotton . 


300 

Fiber . 

6.5 

50 

Glass, common. 

4.2 

200 

Isolantite . 

3 5 


Mica . . 

5.5 

2000 

Oil, castor . 

4.7 

380 

Pyranol . 

4.2 

350 

Transformer . 

2.4 

250 

Paper, beeswaxed . .. . 

3.1 

1800 

Paraffined . . 

2.2 

1200 

Shellacked . . 

3.4 


Porcelain. . 

5.5 

750 

Quartz. . 

4.5 


Resin 

2 5 


Tantalum oxide layer 

11.5 


Water, pure... 

81 



Note. —The values given in the above table may vary considerably, depending 
upon the quality and manufacture of the material. The values in the table are 
average values; for greater accuracy, values should be obtained from the manufacturer 
of the materials used. 
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STANDARD COLOR CODING FOR RESISTORS 


For the identification of resistance values of small carbon-type resistors, numbers 
are represented by the following colors: 


0—Hlack 
1—Brown 
2~Rod 

3— Orange 

4— Yellow 


5— Green 

6— Blue 

7— Violet 

8— Gray 

9— White 


Three colors arc used on each resistor or capacitor to identify its value. 

There are two methods of placing the color identification on a resistor. In the 
first method, illustrated by Fig. A-1, the body color A represents the first figure of 
the resistance value; one end or tip B is colored to represent the second figure; a 
colored band or dot C near the center of the resistor represents the number of zeros 
following the first two figures. By this system, a 150,000-ohm resistor would be 
colored as follows: 

Body, brown Tip, green Dot or band, yellow 

In the second method, illustrated by Fig. A-2, the colors are indicated by a series 
of bands or dots generally placed at one end of the resistor. In order to obtain the 
value of a resistor, with this method, the colors are read starting from the end or tip 
and going toward the center. With this system, a 750,000-ohm resistor would be 
colored as follows: 


Band A, violet Band B, green Band C, yellow 

An auxiliary color code has been established, covering the tolerances of resistors. 
The tolerances are indicated by the following colors, which appear as a fourth band 
or dot placed on one end of the resistor: 

Gold, 6% Silver, 10% None, 20% 
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APPENDIX IX 

STANDARD COLOR CODING FOR MICA CAPACITORS 


Mica capacitors that are not stamped with their capacitance values usually are 
marked with three or more colored dots and with an arrow or other symbol indicating 
the sequence in which the dots are to be read. The capacitance values are in micro¬ 
microfarads, and the color code is the same as the one used for resistors. The three- 
dot RMA color code, shown in Fig. A-3a, is used for capacitors whose working voltage 
is 500 volts and for which one or more of the following conditions apply: (1) the toler¬ 
ance is greater than 10 per cent, (2) the capacitance rating is less than 10 /i^f, (3) the 
capacitance rating has only one or two significant figures. In this system, the color 
of the first dot indicates the value of the first significant figure of the capacitance; the 
second dot indicates the second figure; and the third dot indicates the value of the 
multiplying factor. For indicating the capacitance of capacitors having three signifi¬ 
cant figures the five- and six-dot systems, shown in Figs. A-3c, A-3d, and A-3c, are 
used. The systems using more than three dots provide a dot to indicate the capaci¬ 
tance tolerance. The six-dot system also provides a dot to indicate the d-c working 
voltage. The use of the capacitor color code can best be understood by reference 
to the following table, the examples listed in the accompanying table of applications 
of the color code, and the diagrams of the various systems shown in Fig. A-3. 



- f \ _ 

Front View (^) 

/Some firms 



(e) 


Fio. A-3. 
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Capacitance in Micromickofabads (jiid) 


CJolor of 

Significant figures 

Multiplying 

factor 

Per cent 
tolerance 

D-c working 
voltage 

dot 







A 

B 

C 

D 

E 

F 


Black 

0 

0 

0 

1 



Brown 

1 

1 

1 

10 

1 

100 

Red 

2 

2 

2 

100 

2 

200 

Orange 

3 

3 

3 

1000 

1 3 

300 

Yellow 

4 

4 

4 

10,000 

4 

400 

Green 

5 

5 

5 

100,000 

5 

500 

Blue 

6 1 

6 

6 

1,000,000 

6 

600 

Violet 

7 

7 

7 

10,000,000 

7 

700 

Gray 

8 

8 

8 

100,000,000 

8 

800 

White 

9 

9 

9 

1,000,000,000 

9 

900 

Gold 


1 


0.1 

5 i 

1000 

Silver 




0.01 

10 i 

2000 

No Color 


' ' 



20 

I 

500 


Application of Com)b Code 


System, 

Fig. 

A-3 

Capaci¬ 

tance, 

Capaci¬ 

tance, 

utii 

Per 

c<*nt of 
i oler- 

anre 

D-c 
woi ic¬ 
ing 

voltage 

A 

li 

C 

D 

E 

F 

(o) 

0 000005 

5 



Black 

Green 


Black 



(o) 

0 000012 

12 



Brown 

Red 


Black 



(a) 

0.00035 

350 



Orange 

Green 


Brown 



(a) 

0.0004 

400 



Yellow 

Black 


Brown 



(6) 

0.000025 

25 

2 


Red 

Green 


Black 

Red 


(6) 

0.00075 

750 

5 


Violet 

Green 


Brown 

Green 


(b) 

0.006 

6000 

10 


Blue 

Black 


Red 

Silver 


(c), (d) 

0.0003 

300 

1 


Orange 

Black 

Black 

Black 

Brown 


(0, id) 

0.000125 

125 

3 


Brown 

Red 

Green 

Black 

Orange 


(c), id) 

0.008 

8000 

20 


Gray 

Black 

Black 

Brown 

No color 


ie) 

0.000002 

2 

4 

1000 

Red 

Black 

Black 

Silver 

Yellow 

Gold 


0.000025 

25 

10 

500 

Red 

Green 

Black 

Gold 

Silver 

No coloi 

(e) ! 

0 0003 

300 

20 

300 

Orange 

Black 

Black 

Black 

No color 

Orange 

(«) 

0.0075 

1 

7500 

5 

000 

Violet 

Green 

Black 

Brown 

Gold 

Blue 
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STANDARD COLOR CODING FOR LOUDSPEAKER AND 
TRANSFORMER LEADS 


In order to identify the various leads of loudspeakers and transformers used in 
radio equipment, the Radio Manufacturers’ Association has adopted a set of standards 
that are used by most manufacturers. The following diagrams indicate the color 
of the leads for six types of electrodynamic loudspeakers and three types of trans¬ 
formers generally used. 



Blue - finish frerns. 


Sfundardpin 
armngemenf 
4A^ I-1 


Ijc/f fftnd\red-s^rf\ I 


'iblhw and red 


»■ rn » / 

If nOPri I HTiTT i J 

Voice coi/\ 

Dynamic speaker^ 

^^3*wire conneciion info a 4*prong plu^ 


Red-sfart frans. 



Voice coi^ 
Dynamic speaker 
(b) 4*wire connection into « 4-prong plug 


Blue(orbrown)-sfart irans. 


B/ue(or bown) -sfarf- frans. 


Red-cenfer tap fra. 





Dynamic speaker 
(c) 4-wire push-poll circuit with a 4-prong plug 


Voice coif 


Dynamic speaker 
m) 5-wire push-pull circuit with a 5-prong plug 


Bfue^ finish frans. 
Red-center tap frans. 
Blue (or browni frans 
Start 


Black and red-sfarf 
State and red'fqp 


'sSpeaker 

frans. 

5-S 


Voice coii\ 

Dynamic speaker 
(e) Loudspeaker using a topped field 


Blue-finish frans. 
Red-cen^r tap frans. 

Blue (or hresm) frans. 

Uj 

/ resistance i 

j field I 

\ ^lackandareen-sfarf 
^ YeHtm and green-fin idt 
Black andred-sfarf 
^ ykHcmand r ed 
i finish \ field Field 


Sec. frans. 


tesklanoe * 

field Dynamic speaker ^ 

(t) Loudspeaker u»ng two seponerte field coils 


Fio. A-4.—Identification of eleotrodynamio loudspeaker leads. 

db Co., /no.) 
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y^/jbiv 



Bhckandred 
SO/SO sHped 
design if primal 
uses iap 


(ah POWER TRANSFORMER COLOR CODE 


Rectifier 

fiiamenf 


Rectifier 

ptate 


Amplifier fi/amen f 
Winding NoJ 


Amplifier filament 
Winding No 2 


Amplifier fi/ament 
WindingNa3 


Plate 


B+ 


Blue 


% 


Red 


Green 

I 5- 



( P Black 


r6;-C0L0R CODE IF TRANSFORMERS 


Grid 

or 

diode 

Full 

diode 

Grid or 

diode 

return 


Plate 


Blue 


Green 



Plate 


(Start) 


\OT moving cotU 

Return .,) 

_ \ of moving coil/ 

Grid 


The upper portion (that code above the dotted tine) 
for single primary and/or secondary transfbrmers 

(ChCOiDR CODE-AUDIO TRANSFORMERS 

Fio. A-5.—Identification of transformer leads. {Courtesy of P. R. MaUory Co., Inc,) 






APPENDIX XI 
TMGONOMETRY 

The solution of a-c problems frequently involves adding or subtracting quantities 
such as voltages, currents, and ohmages by means of vectors. The mathematical 
solution of these problems requires the use of trigonometry. The method of solution 

presented in the text makes it possible to solve all such 
problems by the use of right triangles. The following 
statements apply to any right triangle and are illustrated 
in Fig. A-6. 

1. A right triangle is one in which one of the angles 
is a right angle (90 degrees). 

2. The hypotenuse is the side opposite the right 
angle. 

3. The legs of a right triangle are the two sides that 
form the right angle. 

4. The sine of any angle 0 is equal to the side oppo¬ 
site that angle divided by the hypotenuse. 

5. The cosine of any angle 0 is equal to the side adjacent to that angle divided by 
the hypotenuse. 

6. The square of the hypotenuse is equal to the sum of the squares of the two legs 
of the triangle. (This is also commonly known as the theorem of Pythagoras,) 


sin A 

a 



c sin A; 



a 


a 


c 


sin A 

cos A 

b 

5 


c cos A ; 



b 




C/ 


cos A 

sin B 

b 

h 


c sin B; 



b 

“■ c' 

u 


G 


sin B 

cos B 

a 



c cos B] 



a 


a 


C 


cos B 

c* 

« a* + h*; 

a* 

- 

c2 - 6*; 

6* 

- 

c* - a* 


The tables of Appendix XII list the values of sine and cosine for angles between 
0 and 90 degrees. In some instances, it is desired to obtain the sine of angles greater 
than 90 degrees, and they may be obtained in the following manner: 

When 0 is between 90 and 180® 

sin 9 » cos — 90) 

Example: What is the sine of 137®? 

sin 137® - cos (137 - 90) 

— cos 47® 

-0.682 
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When 0 is between 180 and 270® 

sin ^ — sin (0 — 180) 

Example: What is the sine of 218°? 

sin 218® = - sin (218 - 180) 
= — sin 38® 

- -0.616 

When 0 is between 270 and 360° 

sin ^ - cos (0 - 270) 

Example: What is the sine of 336°? 


sin 336® * - cos (336 - 270) 
= — cos 66® 

= - 0.407 
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SINE AND COSINE TABLES 


Degrees 





I 
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Degrees 

sin 

cos 

Degrees 

sin 

cos 

43.0 

0.682 

0.731 

67.0 

0.920 

0.391 

43.5 

0.688 

0.725 

67.5 

0.924 

0.383 

44.0 

0.695 

0.719 

68.0 

0.927 

0.376 

44.5 

0.701 

0.713 

68.5 

0.930 

0.366 

45.0 

0.707 

0.707 

69.0 

0.934 

0.358 

45.5 

0.713 

0.701 

69.5 

0.937 

0.350 

46.0 

0.719 

0.695 

70.0 

0.940 

0.342 

46.5 

0.725 

0.688 

70.5 

0.943 

0.334 

47.0 

0.731 

0.682 

71.0 

0.945 

0.326 

47.5 

0.737 

0.675 

71.6 

0.948 

0.317 

48.0 

0.743 

0.669 

72.0 

0.951 

0.309 

48.5 

0.749 

0.663 

72.5 

0.954 

0.301 

49.0 

0.755 

0.656 

73.0 

0.956 

0.292 

49.5 

0.760 

0.649 

73.5 

0.959 

0.284 

50.0 

0.766 

0.643 

74.0 

0.961 

0.276 

50.5 

0.772 

0.636 

74.5 

0.964 

0.267 

51.0 

0.777 

0.629 

75.0 

0.966 

0.259 

51.5 

0.783 

0.622 

75.5 

0.968 

0.250 

52.0 

0.788 

0.616 

76.0 

0.970 

0.242 

52.5 

0.793 

0.609 

76.5 

0.972 

0.233 

53.0 

0.798 

0.602 

77.0 

0.974 

0.225 

63.5 

0.804 

0.595 

77.5 

0.976 

0.216 

54.0 

0.809 

0.588 

78.0 

0.978 

0.208 

54.5 

0.814 

0.581 

78.5 

0.980 

0.199 

55.0 

0.819 

0.574 

79.0 

0.982 

0.191 

55.5 

0.824 

0.566 

79.5 

0.983 

0.182 

56.0 

0.829 

0.559 

80.0 

0.985 

0.174 

56.5 

0.834 

0.552 

80.5 

0.986 

0.165 

57.0 

0.839 

0.544 

81.0 

0.988 

0.156 

57.5 

0.843 

0.537 

81.5 

0.989 

0.148 

58.0 

0.848 

0.530 

82.0 ! 

0.990 

0.139 

58.5 

0.853 

0.522 

82,5 

0.991 

0.130 

59.0 

0.857 

0.515 

83.0 

0.992 1 

0.122 

59.5 

0.862 

0.507 

83.5 

0.994 : 

0.113 

60.0 

0.866 

0.500 

84.0 

0.994 

0.104 

60.5 

0.870 

0.492 

84.5 

0.995 

0.096 

61.0 

0.875 

0.485 

85.0 

0.996 

0.087 

61.5 

0.879 

0.477 

85.5 

0.997 

0.078 

62.0 

0.883 

0.469 

86.0 

0.997 

0.070 

62.5 

0.887 

0.462 

86.5 

0.998 

0.061 

63.0 

0.891 

0.454 

87.0 

0.998 

0.052 

63.5 

0.895 

0.446 

87.5 

0.999 

0.043 

64.0 

0.899 

0.438 

88.0 

0.999 

0.035 

64 5 

0.903 

0.430 

88.5 

0.999 

0.026 

66.0 

0.906 

0.423 

89.0 

0.999 

0.017 

65.5 

0.910 

0.415 

89.5 

1.000 

0.009 

66!o 

0.913 

0.407 

90.0 

1.000 

0.000 

66.5 

0.917 

0.399 

... 
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APPENDIX XIV 


TABLE OF FREQUENCY, WAVELENGTH, AND THE LC PRODUCT 
REQXnRED TO PRODUCE RESONANCE AT THE 
CORRESPONDING FREQUENCIES 

The frequency js expressed in kilocycles, the wavelength in meters, the inductance 
in microhenries, and the capacitance in microfarads. 

Equations used to calculate values for the table: 

Wavelength = ?2^l99 


LC product = 


Frequency 
in kc 

Wavelength 
in meters 

LXC 

Frequency 
in kc 

Wavelength 
in meters 

LxC 

600,000 

0.5 

0.00000007028 

10,000 

30 

0.0002530 

600,000 

0.6 

0.0000001012 

9000 

33.33 

0.0003123 

400,000 

0.75 

0.0000001581 

8000 

37.6 

0.0003953 

300,000 

1 

0.0000002811 

7000 

42.85 

0.0005163 

250,000 

1.2 

0.0000004048 

6000 

50 

0.0007028 

200,000 

1.6 

0.0000006325 

5000 

60 

0.001012 

150,000 

2 

0.000001124 

4500 

66.66 

0.001249 

100,000 

3 

0.000002530 

4000 

76 

0.001581 

90,000 

3.333 

0,000003123 

3500 

85.71 

0.002065 

80,000 

3.76 

0.000003953 

3000 

100 

0.002811 

70,000 

4.285 

0.000005163 

2500 

120 

0.004048 

60,000 

5 

0.000007028 

2400 

125 

0.004392 

55,000 

5.454 

0.000008363 

2300 

130.4 

0.004782 

50,000 

6 

0.00001012 

2200 

136.3 

0.005227 

45,000 

6.666 

0.00001249 

2100 

142.8 

0.005737 

40,000 

7.6 

0.00001581 

2000 

150 

0.006325 

35,000 

8.571 

0.00002065 

1950 

163.8 

0.006653 

30,000 

10 

0.00002811 

1900 

157.8 

0.007008 

25,000 

12 

0.00004048 

1850 

162.1 

0.007392 

20,000 

15 

0.00006325 

1800 

166.6 

0.007808 

15,000 

20 

0.0001124 

1760 

171.4 

0.008261 
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Frequency 
in kc 

Wavelength 
in meters 

LXC 

1700 

176.4 

0.008754 

1650 

181.5 

0.009292 

1600 

187.5 

0.009882 

1550 

193.5 

0.01053 

1500 

200 

0.01124 

1475 

203.3 

0.01162 

1450 

206.8 

0.01203 

1425 

210.5 

0,01245 

1400 

214.2 

0 01290 

1380 

217.3 

0.01328 

1360 

220.5 

0.01367 

1340 

223.8 

0.01409 

1320 

227.2 

0.01452 

1300 

230.7 

0.01497 

1280 

234.8 

0.01544 

1260 

238 

0.01593 

1240 

241.9 

0.01645 

1220 

245.9 

0.01699 

1200 

250 

0.01757 

1180 

254.2 

0.01817 

1160 

258.6 

0.01880 

1140 

263.1 

0.01946 

1120 

267.8 

0.02016 

1100 

272.7 

0,02090 

1080 

277.7 

0.02169 

1060 

283 

0.02251 

1040 

288.4 

0.02339 

1020 

294.1 

0.02431 

1000 

300 

0.02530 


F requency 
in kc 

Wavelength 
in meters 

LXC 

980 

306.1 

0.02634 

960 

312.5 

0.02745 

1 940 

319.1 

0.02863 

920 

326 

0.02989 

900 

333.3 

0.03123 

880 

340.9 

0.03267 

860 

348.8 

0.03420 

840 

357.1 

0.02585 

820 

365.8 

0,03762 

800 

375 

0.03953 

780 

384.6 

0.04158 

760 

394.7 

0.04380 

740 

405.4 

0.04620 

720 

416.6 

0.04880 

700 

428.5 

0.05163 

680 

441.1 

0.05471 

660 

454.5 

0.05808 

640 

468.7 

0.06176 

620 

483.8 

0.06581 

600 

I 500 

0.07028 

580 

517.2 

0.07520 

560 

535.7 

0.08067 

540 

555.5 

0.08676 

520 

576.9 

0.09356 

500 

600 


450 

666.6 

0.1249 

400 

750 


350 

857.1 


300 

1000 

0.2811 





APPENDIX XV 


RECEIVING-TUBE CHARACTERISTICS AND SOCKET 
CONNECTIONS 

The purpose of this appendix is to provide a source of reference for the tube charac¬ 
teristics and socket connections of those tubes referred to throughout the text, ques¬ 
tions, and problems. A more complete listing of tubes may be found in the tube 
manuals of the various manufacturers. 

Receiving-tube Characteristics Chart 

Key to Symbol Designations 

® For grid-leak detection—plate volts 45, grid return to -f filament or to cathode. 

^ Either A.C. or D.C. may be used on filament or heater, except as specifically noted. For use 
of D.C. on A.C. filament types, decrease stated grid volts by i (approx.) of filament voltage, 
c Supply voltage applied through 20,0()0-ohm voltagt*-dropping resistor. 

^ Grids #3 and #5 are screen. Grid #4 is signal-input control grid. 

* Grids #2 and #4 are screen. Grid #1 is signal-input control grid, 
f For grid of following tube. 

» Both grids connected together; likewise, both plates. 

* Power output is for two tubes at stated plate-to-plate load. 

< For two tubes. 

i This diagram is like the one having the same designation without the prefix G, except that Pin 
No. 1 has no connection. 

* Obtained preferably by using 70,()0()-ohm voltage-dropping resistor in series with a 90-volt BupplJ^ 

< This diagram is like the one having the same designation with the prefix G, except that base 
sleeve is connected to Pin No. 1. 

Grids #2 and #3 tied to plate. 

" For signal-input control-grid (#1); control-grid #3 bias, —3 volts. 

* Applied through plate resistor of 250,000 ohms or 500-henry choke shunted by 0.25-megohm 
resistor. 

Applied through plate resistor of 100,000 ohms. 

9 Applied through plate resistor of 250,000 ohms. 

** 50,000 ohms. 

* Maximum. 

* Megohms. 

* Grid #2 tied to plate. 

* Grids f2 and #4 are screen. Grid #3 is signal input-control grid. 
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ESSENTIALS OF RADIO 


Power 

outmit. 

watts 

For other characteristics, refer to Type lD54jP, 

i 

1" I 

:.l 1 
s| 1 
.1 

1 8 

ther characteristics, refer to Type 1A7-GT. 

Anode-grid (e2): 90 max. volts, 1.2 
ma. 

Oscillator-grid (*1) resistor, 0.2 m^. 
Conversion transcond., 250 microm- 
hoe. 

I 

For other characteristics, refer to Tjiie 1C7-G. 

.\node-grid (*2): 180^ max. volts, 
4.0 ma. Oscillator-grid (#1) Re¬ 
sistor Conversion transcond., 325 
micromhos. 

1 

1 

0 035 
0.200 

1 

1 

Load 

for 

stated 

power 

output, 

ohms 

1 

1 

1 

82 

1 

1 

Ampli- 

fication 

factor 

20 

1 

1 

1 


1 

Trans- 

conduct¬ 

ance 

(grid- 

plate), 

/xinhos 

tfi 

eo 


650 

650 

925 

as 

CO *o 

009 

A-c plate 
resist- 

ance, 

ohms 

400,000 

500,000 

1 

600,000 

700,000 

600,000 

1,000,000 

600,000 

300,000 

200,000 

77,000 

43,500 

© ©^ 

Plate 

cur¬ 

rent, 

ma 

CSICO 

9 0 

0 8 

eo^ 

04 eo 

04 04 

2 2 

tr© 

r-> Ui 

CO—' 

0—1 

© 

Screen 

cur¬ 

rent, 

ma 


o 

1 

us© 

04 04 

8 0 

6 0 

t- 

o 

CO© 

©>-< 

1 

© 

© © 

S<7een 

suDoly. 

volts 

67 5 
67 5 

o 

8 

fM 


1 

udio 

© to 

iOUd 

t-1- 

so to 

O 

45 

90 

1 

*e>u) 

t'. 

© © 

1 

1 

E5 

« d 

1 a 

o 

© 

CO 

1 

©O 

ccn 

1 1 

© 

CO d 

I'i 

- 3.0 

«o 

© 

1 1 

o© 

o© 

eoeo 

1 1 

Plate 

sup¬ 

ply. 

volts 



135 

gg 


g 

45 

90 

45 

90 

90 

180 

Use 

Values to right give 
opiating con¬ 
ditions and 

charact^istics fw 
indicated typical 
use 

Amplifier 

Converter 

Converter 

-S 

J 

Triode unit as 
amplifier 

Converter 

Converter 

Class A amplifier 

Class .A amplifier 

Pentode unit as 
class .A amplifier 

Triode unit as class 
A amplifier 

(^lass A amplifier 

1 

Amp 

900 

90 0 

0 05 

0.05 

90 0 

0.12 

0 12 

900 

90 0 

o 

0 06 

ode typ 
rating 

Volts 

2.0 

2.0 

1.4 

1.4 

2 0 

2 0 

2.0 

2.0 

2.0 

1.4 

2 0 

i 

C. T. 


D.C. 

F 

D.C. 

F 

D.C. 

F 

D.C. 

F 

D.C. 

F 

D.C. 

F 

D.C. 

F 

D.C. 

F 

D.C. 

F 

D.C. 

F 

Socket 

connec- 

tiODS 

4M 


G-7Z 

S3 

H 

O 

§ 


G-7Z 



1 

s 

Name 

Super-control R-F 
amplifi^ pentode 

Pentagr'd converter^ 

1 

1 

rs 

1 

1 

1 

:s 

1 

■I 

'S 

•I 

1 

1 

1 

•tJ 

1 

1 

1 

r2 

1 

SI 

|| 

Supv-control R-F 
amplifier tetrode 

Diode-triode-power 
amplifier pentode 

i 

1 

1 

1A4-P 

9VI 

I 

U7-GT 

1B5/25S 

1C6 



1 


1 
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ESSENTIALS OF RADIO 


Power 

output, 

watts 

1 

II II 

It 

a a 

p 

is'l 

it 

1 II 

I i 

geS 

II 

li 

4--r 

a 

>3 

Plate resists, 500,000 ohms. 

Grid resistor/ 250,000 ohms. 

1 

1 1 

0 35 

3 40 

4 50 

O O) 

1 

1 

Oscillator peak volts = 7.0 

1 

totn 

coco 

r-co 

5s 

eoJJ 

^eo 

Load 

for 

statea 

power 

output, 

ohms 

1 

1 

1 1 

csTt-ToT 

12,000 

12,000 

1 


dd 

§§ 

doT 

dco 

dd 

Ampli¬ 

fication 

factor 

1 


oo 

1 

1 

Cath. bias resistor, 400 ohms' 

150,0001 1,650 1 — 

600,0001 1,650 ! 


1 

Ca^h. bias resistor, 170 ohms. 

1 

1 

1 

Cath. bias resistor, 125 ohms.' 

1 

1 

1 

Cath. bias resistor, 250 ohms.' 

1 

o 

00 

Cath. bias resistor, 490 ohms. 

Trans- 

conduct- 



ii 

900 

1,400 

1,500 

2,300 

2,100 

1 

1,500 

1,900 

1 

1 

4,700 

A-c plate 
resist¬ 
ance, 
ohms 


1 

11,000 

10,500 

78,000 

50,000 

104.000 

68,000 

75,000 

1 

11,300 

9,000 

1 

1 

1 

PUte 

cur¬ 

rent, 

ma 

oo : 

Cathode cur¬ 
rent 0.43 ma. 

eo wi 

d <d 

0 35 
1 1 

9 0 
32 0 
25 5 


9 5 

10 5 

1 

lO o 

CO 00 

oo 

t-t- 

SS 

88 O' 
88 O' 

66 

Si8 

oo 

22 

Screen 

cur¬ 

rent, 

ma 

o© 

1 

1 1 

eOtOO 

Oi a» 

r- to 

1 

1 1 

o^ 

UiUi 


0 6 
dd 

d 6 

eo»o 

1 

Screen 

supply, 

volts 

100 

100 

100 

1 

1 1 

100 

250 

250 

285 

285 

100 

125 

100 

) 1 

250 

250 


P ® 

C4 ^ 


1 

rs > 

- 3 0 

- 3 0 

w:_o 

-43 

CO o 
•Aod 

1 1 

lOO 

r-i eo 

t i 

ooo 

t-oo — 

*-* CS| 

1 i 1 

Q 

oo 

•-•CO 

I 1 

o 

2 

T 

oo 

1 i 

-14 0 
Catb. bias 

-17 5 
Cath. bias 

-22 5 
Cath. bias 

-18 0 
-22 5 

-20 0 
Cath. bias 

Ph 2 ft 5 

100 

250 


s 

c. 

180 

250 

100 

250 

100 

250 

315 

285 

285 

100 

250 

250 

135 

250 

250 

250 

oo 

ss 

eoeo 

360 

360 

250 

250 

-US- 

Values to right (pve 
operating eon- 

ditions and 
characteristics fen* 
indicated typical 
use 

Pentode class A 
r-f amplifier 

s 

4 

L 

!i 

Pentode bias de¬ 
tector 

Triode" class A 
amplifier 

Class A amplifier 

Single-tube class A 
amplifier 

Push-pull class A 
amplifier 

Class A amplifier 

Mixer in super¬ 
heterodyne 

Class A amplifier 

Single-tube class A 
amplifier 

Push-pull class A 
amplifier 

Push-pull class ABi 
amplifier 

Push-pull class AB; 
amplifier 

1 

h 

11 

-a« 

m 

Cathode type and 
rating 

Amp 

CO 

d 

E 0 

0 4 

0.3 

0.15 

60 

Volts 

eo 

«d 

CO 

d 

CO 

d 

eo 

CD 

eo 

d 

eo 

d 

C. T. 

in 

n 

m 

a 

a 

a 

Socket 

connec¬ 

tions 

s 

I 

Si 

s 

tf 

o 

7AC 


I 

z: 


High-mu triode 

Power amplifier pen¬ 
tode 

J 

Detector amidifier 
triode 

4 

i 

1 

1 

6J7 

1 

1 

6E7 

i 

s 
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Push-^l elaw ABi 
























































































































































772 


ESSENTIALS OF RADIO 


i 


Min. total effective plate-supply impedance: half¬ 
wave, 30 ohms; full-wave, 15 ohms. 

Min. total effect, supply imped, per plate: up to 117 
volts, 15 ohms; at 150 volts, 40 ohms; at 235 volte, 
100 ohms. 

1 

Plate current to be adjusted to 0.2 milliampere with no 
signal. 

For other characteristics, refer to Type 1H4-G. 

koeo 

1-iCO 

Min. total effective plate-supply impedance: up to 117 
volts, 15 ohms; at ^5 volte, 100 ohms. 

n. total effect, plate^upply imped.: up to 117 volts, 15 

K. d-c output ma.: with pilot and no shunt res., 60; with 
5t, 100. 

For other characteristics, refer to Type 6F6-G. 

For other characteristics, refer to Type 25A6-GT/G. 

0.82 

2 00 

12.0* 

18.0* 

Load 

for 

stated 

power 

output, 

ohms 

1 

2.500 

4.500 

2,700 

4,600 

•oco 

7 

E 

-< 


oo 

1 

H 

«OiO 

eoeo 

1 


, -- s 

1,000 

975 

5,800 

5,900 

[)e 35Z4-C 

2,125 

2,050 

1 

A-c plate 
resist¬ 
ance, 
ohms 

i, refer to 1 

9,000 

9,250 

14,000 

40,000 

refer to Ty 

1,650 

1,700 

1 

Plate 

cur¬ 

rent, 

ma 

ratings 


oo ^ 

1 

31 0 
36 0 


Screen 

cur¬ 

rent, 

ma 

•"or othei 

Max. a-c volts per plate (rms), 117 
Max. d-c output ma., 75 

Max. a-c volts per plate (rms), 235 
Max. d-c output ma. per plate, 75 

1 

1 

fc 

o 

Max. arC plate volts (rms), 235 

Max. d-c output ma., 100 

Max. a-c plate volts (rms), 235 Mi 
ohms; at 235 volte, 100 ohms. Ma 
pilot and shunt res., 90; without pil 

1 

Cath. bias, 775 ohms* 

—68.0 volte, fixed bias 

Screen 

supply, 

volts 

1 

1 

oo 

1 

^1 

6 

OO 

1 1 

« s. 

ll 

iftO 

t-oo 

1 1 

-31.5 
-56 0 

51 S ag 

135 

250 

250 

110 

200 

180 

275 


Use 

Values to right give 
operating con- 

ditions and 
characteristics for 
indicated typical 
use 

Rectifier-douUer 

Voltage doubler 

Half-wave rectifier 

Class A amplifier 

Bias detects 

Amplifier 

Single-tube class A 
amplifier 

W ith condenser-in¬ 
put filter 

With condenser-in- 
put filter 

With condenser-in- 
put filter 

.Amplifier 

Amplifier 

Class A amplifier 

Push-pull class ABs 
amimfier 

Cathode type and 
rating 

Amp 

0.3 

0.3 

1.75 

90 0 

0.15 

0.15 

0.15 

0.15 

0.7 

0.3 


Volte 

25.0 

25.0 

2.5 

2.0 

35.0 

35.0 

35.0 

35.0 

6.3 

25.0 


C. T. 

H 


H 

D.C. 

F 

H 

H 

H 

H 

n 


Em 

Socket 

connec¬ 

tions 

6£ 

y 

5 

4D 

5 

6 

G-5AA 

G-6AD 

6B 

6B 

4D 

S 

J 

i 1 • 

1 ; 
1 < 


Detector^ amplifier 
triode 

1 

ll 

(S* 

Beam power amidifief 

Half-wave rectifier 

Half-wave rectifi^ 

Half-wave rectifier. , 
Heater tap fw pilot 

Fewer amplifier pen¬ 
tode 

Power amplifier pen¬ 
tode 

Power amplifier teiode 

. 

i 

1 II 



30 

1 ^ 

§ 1 

1 1 
s g 


9 

lO 

w* 
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RESISTANCE-CAPACITANCE-COUPLED AMPLIFIER CHART 


The purpose of this appendix is to provide the data required for resistance- 
capacitance-coupled amplifiers referred to in the text, questions, and problems. A 
more complete list may be found in a tube manual. 


Ch = blocking capacitor, /zf 
Ck ** cathode by-pass capacitor, /if 
C 2 = screen-grid by-pass capacitor, /xf 
Evb = plate-supply voltage, volts 
Eo * voltage output, max. value 


Rk =* cathode resistor, ohms 
R 2 = screen-grid resistor, megohms 
Rg = grid resistor, megohms 
Re — plate resistor, megohms 
VA *= voltage amplification 


6B7 


Ebb 

90 

180 

300 

Rc 




0,1 

0.25 


0.1 

0.25 

0.5 

Rc 

0.25 

0.5 

1 

0.25 

0.25 

0.5 

1 

1 

0.25 

0.5 

1 

R, 

0.5 

1.1 

2.8 

0.5 

1.18 

1.2 

1.5 

2.8 

0.55 

1.2 

2.9 

Rk 

2200 

3500 

6000 

1200 

1900 

2100 

2200 

3500 

1100 

1600 

2500 


0.07 

0.04 

0.04 

0.08 

0.05 

0.06 

0.05 

0.04 

0.09 

0.06 

0.05 


3 

2.1 

1.55 

4.4 

2.7 

3.2 

3 

2 

5 

3.5 

2.3 


0.01 

0.007 

0.003 

0.015 

0.01 

0.007 

0.003 

0.003 

0.015 

0.008 

0.003 

E, 

28 








89 

100 

120 










47 

79 

150 


6C5, 6C5-G (GJ7, 6J7-G, 6J7-GT, 12J7-GT as Triodes) 


Ebb 

90 

180 

300 

R. 


0.1 

0.25 

0.05 

0.1 

0.25 

B 


0.25 

R. 

0.1 

0.25 




0.25 


0.5 

0.1 

0.25 

0.5 

Rk 

3400 

6400 




5300 

6200 

12300 

2600 

5300 

12300 

Ck 

1.62 

0.84 


2.1 

1.7 

1.25 

1.2 

0.55 

2.3 

1.3 

0.59 

Ck 

0.025 

0.01 





0.008 

0.04 

0.015 

0.008 

E, 

17 

22 

23 

45 

41 

54 

55 

52 

70 

84 

85 

VA 

9 

1 . 

11 

12 

_ 

11 

12 

12 

13 

13 

11 

13 

14 


774 
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6J5, 6J6.G, 6J5-GT, 12J6-GT 



6J7, 6J7-0, 6J7-GT, 12J7-GT (as Triodes, See 6C5) 



300 

0.25 

0.5 

0.5 

1 

1.18 

2.9 

1200 

2200 

0.04 

0.04 

5.4 

4.1 

0.005 

0.003 

104 

97 

140 

350 



300 


0.1 I 0.25 0.5 


0.25 
6600 I 1500 
0.003510.015 
83 
22 




0.251 0.5 
0.92 

1700 1 3800 
10.08510.045 
4.5 
0.005 
18 
93 


0.25 

0.5 

1 1 

0.83 

0.94 

0.94 2.2 

1050 

1060 

1100 2180 

0.06 

0.06 

0.07 0.04 

6.8 

6.6 

6.1 3.8 

0.001 0.004 

0.003 0.002 


60 

82 


300 

0.1 

0.25 

0.5 

0.25 

0.5 

1 

0.37 

1.10 

2.2 

530 

860 

1410 

0.09 

0.06 

0.05 

10.9 

7.4 

5.8 

0.016 

0.004 

0.002 

96 

88 

79 

98 

167 

238 
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6SQ7, 12SQ7 


Ebb 

90 

180 


Rc 



0.5 


0.25 



0.25 

0.5 

R, 



1 


0.25 

0.5 

1 

1 

0.25 


1 

Rk 



16600 

2900 

4300 

4800 

5300 

8000 

2200 


6100 

c. 

1.7 


0.7 

2.9 

2.1 

1.8 

1.5 

1.1 

3.5 

2 

1.3 

a 



0.003 

0.015 

0.015 0.007 

0.004 

0.004 

0.015 


0.004 

Eo 

5 

7 


22 

21 

28 

33 

33 

41 

51 

62 

VA 

29 


44 

36 

43 


53 

57 

39 

53 

60 


6T7-G 


Ebb 

90 

180 


R, 

0.1 

0.25 



0.25 

0.5 

0.1 



R, 

0.25 

0.5 

1 

0.25 

0.25 

0.5 

1 

1 

0.25 

0.5 

1 

Rk 

4750 

8300 

14200 

2830 

4410 

5220 

5920 

9440 

2400 

4580 

8200 

Ck 

1.5 

1 

0.6 

2.25 

1.5 

1.25 

1.11 

0.74 

2.55 

1.35 

0.82 

Ck 

0.012 

0.0075 

0.0045 

0.0135 

0.012 0.008 

0.005 

0.0045 

0.0135 

0.0075 

0.0055 

E. 

7.8 

10 

12 

29 

27 

34 

39 

39 

58 

69 

77 

VA 

24 

30 

33 

28 

34 

36 

38 

41 

32 

40 

43 


{Courtesy of RCA Manufacturing Co.) 
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ANSWERS TO PROBLEMS 


Note 1: Answers are provided for approximately 50 per cent of the problems. 
Except in a few cases, answers are provided for the odd-numbered problems. Instruc¬ 
tors using this text can purchase a complete answer book from the publisher. 

Note 2: As far as is practicable, all answers are accurate to three significant 
figures. 

Note 3: Answers to problems involving values obtained from curves are generally 
difficult to check accurately because of variations in reading the curves. In preparing 
the answer book, enlarged drawings of the curves were used to aid in obtaining greater 
accuracy. In most cases the values obtained from the curve for use in solving the 
problems have been included with the answers. 


Chapter I 

1. (o) 4.414 feet 
(6) 1.345 meters 

8. (a) 0.177 second 

(b) 0.00268 second 

(c) The radio listener 

6. 5,65 to 0.376 feet 

7. 0.0941 foot 

9. 570 kc 

11. 4.89 to 4.56 meters 

18. 7812 kc 

16. (a) 3.02 meters 

' (b) 9.89 feet 

17. 9340 

19. 11,000 

21. 0.0134 second 
28. 60.7 feet 

Chapter U 

1. (a) 2 watts 

(b) 1 watt 

(c) 1 watt 

(d) 50 watts 

8. (a) Ibc —“1.74 ma 

Iab —7.74 ma 
(5) /jbc~“ 2.22 ma 
Iab —5.22 ma 
6 . (a) 12 mv 
(5) 12 volts 


(c) 36 volts 

(d) 720 volts 
7. (a) 56.9/ih 

(b) 719 Aih 

(c) 25,396 A 

9. (a) 0.237 

(b) 0.32 

(c) 0.04 

11. (a) 8635 ohms 

(b) 15,700 ohms 

(c) 23,550 ohms 

(d) 66,725 ohms 

18. (a) 1500 ohms 

(b) 250 ohms 

(c) 1479 ohms 

(d) 3.92 henries 

16. (a) 10 turns 

(b) 25 turns 

(c) 20 turns 

(d) 3480 turns 

(e) 1740 turns 

17. Opiates 

19. 494Ai;if 
21. 49.82 

28. (o) 331.7 ohms 

(b) 331.8 ohms 

(c) 0.331 amp 

(d) 0.0301 

(e) 88.5 degrees 

(f) 1.095 watts 
26. 1.93/uf 
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27. (a) 162.1 ohms 

(5) t6oo“^.6 amp 
1*400—0.75 amp 
ieoo—0.5 amp 

(c) /Hne-~1'85 amp 

(d) p6oo—180 watts 
P400—225 watts 
pfloc—150 watts 

(^) -Phne-555 watts 

29. (a) Group 1 —40 ohms 
Group 2—50 ohms 
Group 3—30 ohms 
Group 4—30 ohms 

(5) 150 ohms 

(c) 2 amp 

(d) 600 watts 

(e) e ,—80 volts 
€ 3 —80 volts 
fs—80 volts 
64—100 volts 
€ 5 —100 volts 

66— 60 volts 

67— 60 volts 
ea:^—60 volts 

(/) ti —0.5 amp 
i2—1 amp 
is —0.5 amp 
—0.667 amp 
is —1.333 amp 
is —2 amp 
ij —1 amp 
is —1 amp 

(g) Pi — 40 watts 
P 2 —80 watts 
ps —40 watts 
Pa —66.7 watts 
Ps —133.3 watts 
ps —120 watts 
Pi —60 watts 
Ps —60 watts 
81. (a) 500 ohms 

(6) 5250 ohms 

(c) 7950 ohms 

(d) 2745 ohms 

(e) 36.4 ma 

if) Zi—3010 ohms 
Zj—2650 ohms 
Zs —2258 ohms 
Za —5300 ohms 

(g) ei —109.5 volts 
—96.4 volts 


61— 82.2 volts 
64—192.9 volts 

(h) Pi —0.331 watt 
Ps —0.0265 watt 
Ps —0.265 watt 
Pa —0.0397 watt 

(i) 0.662 watt 
0) p-fi—0.0830 

p-f 2—0.0075 
(i) p-fa—0.0885 
p-f4—0.0056 
(k) di —85-degreo lag 

62 — ^89.5-degree lead 
^8—85-degree lag 

^4—89.5-degree lead 
(/) 0.182 

(m) 79.5-degrce lead 
33. (tt) 139.5 At/if 
(/>) 45Miuf 

(r) 13.6 M/if 

36. (a) 289/ih 
(6) 2416 kc 

37. (a) 15.86 AiMf 

(b) 1.96 me 

(c) 3.36 me 

(d) 3.77 me 
39. (a) 1138 Mh 

(b) 274 

(c) 900,638 ohms 

(d) 55.5 /xa 

(e) 15.2 ma 
(/) 15.2 ma 

41. (a) 199/ih 
(6) 1083 
(c) 1.2 ke 

48. 10.48 ke 

47. (a) 2000 ohms 

(b) 2000 ohms 

(c) 1998.8 ohms 

(d) 1990 ohms 
(6) 1872 ohms' 

(/) 1043 ohms 

49. (a) 7222 ohms 

(b) 25,120 ohms 

(c) 62,800 ohms 

(d) 235,500 ohms 
61. 4.24 henries 

63. (a) 63,600 ohms 
(b) 636 ohms 

(e) 628 ohms 

(d) 62,800 ohms 
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66. (o) 63.6 ohms 

(h) The capacitor circuit 

67. (a) 79.5 ohms 

(5) The capacitor circuit 
69. (a) 80 henries 

(6) 111 ohms 

(c) 800 ohms 

(d) 720 henries 

(e) 900 ohms 
61. (a) 7.8 kc 

(6) 6.0384 
(c) 50 
id) 39 

63. (a) 0.0375 

(6) 261.7 to 271.7 kc 
(c) 59.2 /i/xf 

66. (a) 500 ohms 

(6) 800 ohms (k —1.60) 

67. (a) 0.00025 second 
(6) 0.0002 second 
(c) No 

Chapter 111 

1. 1500 kc 
8. 4.99 /ih 

6. 247 umI 

7. 9938 kc 

8. 546 kc 
11. 10/xh 

13. (a) 334 fifii 

ib) 550 to 813 kc 

16. (a) 389/ih 
(6) 43.3 fAi 
(c) 6.08 juh 

17. (a) 194.6 MMf 

(b) 194.6 m/A 
19. 39.3 /i/if 

Chapter IV 

1. (a) 153.6 ohms 
(6) 25 watts 
3. (b) 1.51 ohms 
2 watts 

6. (b) 21 ohms 

(c) 5 watts 

7. (b) Bi —42 ohms 

B 2 —724.6 ohms 
(c) fJi-—2watts 
[?f—30 watts 


11. 20 (dcb —50 volts) 

(dee —2.5 volts) 

13. 20 (deb —50 volts) 

(dec —2.5 volts) 

16. 8000 ohms 

(dcb —100 volts) 

(dth —12.5 ma) 

18. 14,000 ohms 

(deb —100 volts) 

(dib —7.15 ma) 

21. (a) 2500 /tinhos 
(dtb —2.5 ma) 

(dCe —1 volt) 

(b) 2500 /xmhos 
23. (a) 1400 /xmhos 
(dtb —1.4 ma) 

(dCe —1 volt) 

(6) 1428 /xmhos 

26. 99 

27. 8421 ohms 
29. (a) 3.15 

(b) 15.7 

(c) 4.72 volts 
23.5 volts 

31. (a) 1.81 

(b) 13.6 

(c) 2.71 volts 
20.4 volts 

33. (a) 78,000 ohms 
(6) 140,400 ohms 
36. 250,000 ohms 

Chapter V 

1. (a) 50 X 10“* second 

(b) 0.667 X 10“® second 

(c) 75 

2. (a) 1060 ohms 

(6) /? is 471 times greater than Xc 

(c) The capacitor path 

id) 3,180,000 ohms 

(e) Xc is 6.36 times greater than B 

(/) The resistor path 

6. (a) 3419 ohms 

(b) Path through Ci 

(c) Yes. A small amount 

(d) 3419 ohms 

(e) Additional i-f filtering 
(/) 80 per cent 

7. (o) 1060 ohms 
(b) 282,600 ohms 
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(c) 3,180,000 ohms 
94.2 ohms 

(e) The capacitor path 
(/) The inductor path 
9 . (a) -*-4 to —2 volts 

(b) —6 to 0 volts 

(c) —7 to 1 volt 
11. (a) —4.3 volts 

(b) 4.3 volts (max value) 

18. (a) —30 volts 

(b) 30 volts (max value) 

15. (a) 120,000 ohms 

(b) 48,000 ohms 

(c) 30,000 ohms 
17. (a) 100,000 ohms 

(b) 0.004 watt 

(c) i watt 

19. (a) 3000 ohms 

(b) 0.00126 watt 

(c) i watt 
21. (a) 0.318/xf 

(b) 0 5-/if, 200-volt, paper capacitor 
23. (a) lOGfif 

(6) lO-Axf, 25-volt, electrolytic ca¬ 
pacitor 
25. 270 volts 

27. 251.95 volts 

28. (a) 970 ohms (Ib—8.25 ma) 

(b) 870 ohms {h —6 9 ma) 

(c) 667 ohms (h —6 ma) 

(d) 400 ohms (h —5 ma) 

29. (a) 0.066 watt 
(6) 0.041 watt 

(c) 0.024 watt 

(d) 0.010 watt 

82. (a) 172 ohms (7*—5.3 ma) 

(6) 476 ohms (7*—3.7 ma) 

(c) 757 ohms (7*—2.8 ma) 

(d) 1200 ohms (7*—2 ma) 

88. (a) 0.0057 watt 

0.0084 watt 
0.0082 watt 
0.0075 watt 
(5) J watt (each) 

85. (a) 2000.5 or 1999.5 kc 

(5) 2001 or 1999 kc 
(c) 2001.5 or 1998.5 kc 

87. (a) 0.1 second 

(6) 18.1 per cent 
(c) 5 cycles 


Chapter VI 


1. (a) 278 Mh 
(6) 2383 kc 

2. (a) 540 to 1870 kc 
(6) 533 to 1590 kc 

5. (a) 258 fAfjd 
(6) 4664 kc 

7. 300 /ih 
37.4 /*h 
5.27 /ih 
0.697 fxh 

8. 2295 kc 
6.50 me 
17.3 me 
47.6 me 

9. 517 to 1650 kc 
1.46 to 4.67 me 
3.90 to 12.4 me 



10. 

7 to 34.2 me 


13. 

42. 

7MMf 


14. 

1500 to 2097 kc 


15. 

517 

' to 1300 kc 



1272 to 1570 kc 


19. 

(a) 

5.4 nfd 



(&) 

Reduced to 494 kc 


21. 

(a) 

2629 fjifif 



(5) 

1784 kc 


22. 

(o) 

5744 Ai/d 



(5) 

2252 kc 




Chapter VII 


1. 

(a) 

2 volts 



(b) 

4 volts 



(c) 

4 volts 


8. 

(o) 

1000 ohms (h —8 ma) 



0.064 watt 



(jb) 

480 ohms (76—12.5 

ma) 



0.075 watt 



(c) 

228 ohms ^(7t—17.5 

ma) 



0.07 watt 


6. 

(a) 

—3 volts 



(&) 

8.2 ma 




2.0 ma 



(c) 

294 ohms 



(d) 

0.03 watt 


7. 

(«) 

35 



w 

—3 volts 



(c) 

105 volts (max) 



(d) 

2.1 ma 



9. 27,777 ohms 
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11. (a) 70.5 

(6) 66.4 volts (max) 

(c) 1.41 ma 

18. 177 

16. (a) 91.6 (Q—145) 

(b) 144 (Q—143) 

(c) 148 (0—98) 

(d) 90.8 (0—45) 

17. (a) 12.9 
(6) 35.1 
(c) 42.1 

19. 181 
21. (a) 226 

(6) 228 
(c) 226 

28. (a) 72.9 per cent 
(6) 21.6 per cent 
26. 122 
27. (a) 0.0119 
(6) 138 
80. (a) 85.7 
(6) 61.8 
(c) 5296 

Chapter VUl 

1. (a) 2.2553 
(c) 0.942 
(c) 0.699 
(ff) 4.5441 
(i) 1.2625 

2. (a) 1.2730 
(c) 0.9935 

(e) 3.57608 

3. (a) 300 
(c) 6 
(e) 218 

(р) 9.625 
(i) 2082.5 

6 . 9.87 db 

7. (a) 31.2 db 

(с) 37 db 
9 . (a) 40 db 

(b) 20 db 

(c) 30 db 

(d) 22.2 db 

(e) 30 vu 

11. (a) 0.9 db (loss) 

(b) 6.02 db (loss) 

18. (a) 47.3 



(b) 

43.9 


(e) 

46.1 

14. 

(a) 

0.64 db (loss) 


(&) 

0.22 db (loss) 

17. 

( 0 ) 

284 


(&) 

262 


(c) 

236 

19. 

(a) 

16.1 


{V) 

17.5 

21. 

(a) 

81.7 


(b) 

74 


(c) 

81 


(d) 

81.7 



74 



81 

23. 

(a) 

6674 


(b) 

5476 


(c) 

6561 

26. 

(a) 

Eg —500,000 ohms 


i2i—1200 ohms 
Ii 2 —1,180,000 ohms 
Eb— 1200 ohms 
Ei—1,180,000 ohms 
C6“~0.005 Mf 
Cl—6.4 Mf 
C*—0.04 Aif 
Cs—5.4 Mf 
C4—0.04 Mf 

26. (b) 175 

159 

169 

(c) 89.7 db 
88.0 db 
89.1 db 

27. 91 cycles 

29. (o) Eff—250,000 ohms 
Cb—0.016 Mf 
El—530 ohms 
Cl—10.9 Mf 
E 2 —370,000 ohms 
C2-^.09 Mf 

(b) 110 
105.6 

109.4 

(c) 40.8 db 

40.4 db 
40.7 db 

SO. 39 cycles (min) 

76,300 cycles (max) 
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81. (o) 304 volts 
(6) 16.1 

19.7 
19.4 

(c) 2.3 db 

38. (a) 50 volts 

(b) 300 volts 

(c) 188,400 ohms 
1,884,000 ohms 
9,420,000 ohms 

(d) 189,500 ohms (inductive) 
4,623,000 ohms (inductive) 
682,000 ohms (capacitive) 

86. (a) 0.0079 Aif 

(b) 79 MMf 

(c) 3.16 MAif 

87. (a) 250.64 volts 
(6) 39 

50 

59.7 

(c) 23,900 cycles 

(d) 148 

(c) 2.1 db (loss) 

(/) 1.5 db (gam) 

39. (a) 40 volts 

(b) 0.8 

(c) 22.2 volts 

(d) 4.5 volts 
41. (a) 0.1 

(6) 9.4 
(c) 10 

43. (a) 0.424 
(61 0.179 

Chapter IX 

1. —2 to —10 volts 
78 to 185 volts 
0.35 to 3.05 ma 
8 . 0 to —8 volts 
48 to 160 volts 
1 to 3.75 ma 
6. (a) 60 ma 

(6) 0 to —90 volts 

(c) 104 to 372 volts 

(d) 11 to 118 ma 

6. (a) 58 ma 

(b) 49 ma 

(c) 146 volts 

(d) 122 volts 

7. (a) 57.2 ma 
(b) 143 volts 


(d) 40.4 ma 
101 volts 
(c) 4.08 watts 
9. (a) 1650 ohms 
(h) 0.920 watt 
(c) 0.818 watt 
11. 4.20 per cent 

13. (a) 3300 ohms 
(b) 0.818 watt 

14. (a) 16.6 per cent 
(b) 26.6 per cent 

16. 11 watts 
18. 3950 Mmhos 
21. (a) 3.96 watts 

(b) 19 per cent 

(c) 26 4 per cent 

(d) 11 04 watts 

(e) 5.76 watts 

23. 1.7 watts 
7.5 per cent 

24. (a) 81 ma 
(h) 5 ma 

(c) 35.5 ma 

(d) 68.5 ma 

(e) 10 5 ma 
(/) 315 volts 

25. (a) 9 5 per cent 

(b) 3.66 per cent 

(c) 10.1 per cent 

(d) 3.88 watts 

(e) 28.1 per cent 
28. (a) 3.4 watts 

(b) 13.6 watts 

(c) 33.5 db 
80. (a) 16 watts 

(b) 34.2 db 
82. (a) 260 ma 
136 ma 

(b) 15.6 watts 

(c) 1846 ohms 

(d) 1.5 per cent 
84. 23.4 watts 

87. (a) 100,000 ohms 

(b) 22 

(c) 11,363 ohms 

(d) 238,637 ohms 
89. (a) 35.3 

(c) 17.6 

41. —^90,000 ohms 

Ea —10,000 ohms 
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Chapter X 

1. 877 to 2833 kc 
3. 997 to 2400 kc 

5. (a) 2.5 /xsec 
(6) 0.227 Msec 
(c) Long 

7. (a) Xl —34,540 ohms 
Xc —14.5 ohms 
(6) 2380 

(c) Xl —15,700 ohms 
Xc —31.8 ohms 
{d) 494 
9. 1227 kc 
11. 15 

13. (a) 112 ii4 
(h) 15.9 ma 

(c) 7.96 mw 

(d) 0.0252 mw per cycle 
(.) 4.77 

16. (a) 11.4 Mh 

(b) 88.7 

(c) 4.16 amp 

(d) 0.332 amp 

(e) 199 M watts per cycle 

17. (a) 41.6 Aih 
(6) 5.94 Mh 

(c) 236 nni 

(d) 4.62 M watts per cycle 
19. (a) 750 cycles (decrease) 

(6) 375 cycles (increase) 
(c) 750 cycles (increase) 
21: 4239 
23. (o) 0.45 inch 
(h) 0.045 inch 
(c) 0.01126 inch 
25. (a) 400 kc 

(5) 2200 kc 
(c) 4000 kc 

Chapter XI 

1. (a) 135 volts 

(c) 90 volts 

(d) 423 volts 
3. (o) 405 volts 

(c) 330 volts 

(d) 634.5 volts 

6. (o) 169 volts 

(6) 338 volts 

(c) 338 volts 

(d) 338 volts 


7. (6) 200 volts for Ci 
350 volts for Cz 
500 volts for Cz 

(c) 250 volts for Ci 
450 volts for Cz 
600 volts for Cz 

(d) 330 volts at each tube 
9. 400 ma 

11. (a) 117 volts 

(5) 111 per cent 

(c) 60 cycles per sec 
13. (a) 53.1 volts 

(b) 180 cycles per sec 

16. 0.09 volt 

17. 3.74 per cent 
19. (a) 1500 ohms 

(b) 998/if 

(c) 2.66 ohms 

(d) 62 amp 

(e) Burn it out 
(/) No 

21. (a) 9.97 per cent 

(b) 0.24 per cent 
23. (a) 12.4 per cent 

(6) 0.452 per cent 

(c) 0.022 per cent 
26. (a) 7.8 per cent 

(b) 0.517 per cent 
28. 50 per cent 

30. 96 volts 

31. 2.5 per cent 

33. (a) 1.25 per cent 
(b) 0.025 per cent 

36. 14.4 per cent 

37. (a) 1.80 per cent 
(b) 0.052 per cent 

38. 4.8 henries 

40. Ri —3344 ohms 
Rz —1886 ohms 
Rz —5555 ohms 
Ri —24.7 ohms 
Rs —6.2 ohms 
Re —191 ohms 

41. (a) 144 watts 
(b) 5.97 watts 

2.63 watts 
3.6 watts ’ 

0.324 watt 
0.081 watt 
2.5 watts 

44 * (a) Reduces the voltage for chp 
second grid of VTi 
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(h) Reduces the voltage for the 
screen grids of VTi, and 

FT, 

(c) 180 volts 

(d) 0.48 watt 

(e) i05 volts 
(/) 1.26 watts 

46. 343 volts 


Feet 

Volts 

Per cent 

7 

2.23 mv 

100 

50 

1.26 mv 

56 

100 

0.84 mv 

36 

200 

0.50 mv 

22 


Chapter XII 

1. (a) 378 MW 
(6) 3.78 MW 

(c) 3.78 MW 

(d) 1.51 mw 
3. 0.316 volt 

5. (a) 0.0025 mw 
(h) 0.062 MW 

7. (o) 50 mV 
(6) 2 mv 
9. (o) 3.98 mv 
(6) 39.8 mv 


18. 24.5 

16. (a) 44.7 

(5) 22.3 
(c) 14.1 

17. (a) 50 

( 6 ) 100 

19. (a) 0.00632 Mf 
(6) 100 ohms 

(c) 5385 ohms 

(d) 3434 ohms 
21. 109.6 db 

13. (a) 79 db below C mw 
(h) 38 db below 6 mw 
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A 

Abbreviations, 721-726 
A-c resistance, of coils, 47 48 
of tube, 168 
Acorn tube, 190-191 
Adjustable resistors, 27 
Aerial {see Antenna) 

Air-core coils, 43 

Air-pressure microphones, 541-542 
Alignment, 662-668 
of trf receivers, 663-665 
of superheterodyne receivers, 665-668 
All-wave receiver, 254-261 
Alphabet, Greek, 722-723 
Alternating current, average value of, 68 
effective value of, 68 
instantaneous value of, 68 
maximum value of, 68, 492 
power of, 69-73 

Alternating-current circuits, 68-83 
characteristics of, 68-69 
Ohm^s law for, 68-70 
parallel, 72-73 
power in, 69-73 
series, 70-72 
simple, 69-70 

Alternating-current plate resistance, 168 
Alternating-current resistance, 47-48, 
51-52, 88, 168 

Alternating-current vectors, 38, 51 
Alternating-current voltmeter, 681 
Alternating-current wave, 68 
Alternating voltage, 68 
Alternation, 13 
Ammeter, 679-680 

Amplification, power, 400-403, 419-425 
voltage, 172-175, 287-291, 304-312, 
338-348, 350-353, 356-360, 364- 
365 


Amplification factor, of beam power 
tubes, 186 
of pentodes, 184 
of tetrodes, 181 
of triodes, 167-168, 172 
Amplifiers, audio-frequency, 332-382, 
392-439 

(See also Audio-frequency power 
amplifiers; Audio-frequency volt¬ 
age amplifiers) 
band-pass, 106-110, 300-312 
buffer, 585 
Class A, 279-291 

{See also Class A amplifier) 

Class A 2 , 412 
Class AB, 279, 433-434 
Class B, 279, 434-435 
Class C, 279, 587-589 
classification of, 279-283 
decibel gain in, 327-332, 364-365 
degeneration in, 314, 365 
{See also Negative feedback) 
direct-coupled, 298 

distortion in, 283-287, 369-370, 403- 
404, 421-423, 430-433 
dynamic characteristics of, 394-399 
equivalent circuits of, 287-291, 293- 
294, 296-300, 334-348, 350, 357- 
358, 426 

feedback, 313-315, 365-379, 438-439 
fidefity of, 320-324 

graphical analysis of, 412-421, 426-429 
impedance-coupled, 293-295, 349-355 
intermediate-frequency, 300-312, 636, 
652-658, 665-666 

load lines for, 394-396, 419-421, 430- 
433 

modulating, 586 

multistage, 312-315, 364-365, 375-377 
parallel, 424-425 
parallel-feed, 353-356 
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Amplifiers, pentode, 289-291 
phase inverter, 435-436 
phase relations in, 161-163 
power, 278, 392-439, 587-589 
for public-address systems, 408-409, 
566-570 

push-pull, 425-436 
Q of, 295 

radio-frequency, 291-315, 587-589 
regeneration in, 314-315, 365 
resistance-capacitance-couplod (see Re- 
sistance-capacitance-coupled 
amplifier) 

selectivity of, 106-110, 301-304, 654 
shielding in, 314r-315 
speech, 320-324, 586 
stability of, 371 

transformer-coupled, 298-315, 355-364 
triode, 287-289 

voltage, 278-279, 291-315, 332-382 
Amplitude, distortion in, 283-287, 369- 
370, 403-404, 421-423, 430-433 
modulation of, 577-581 
Amplitude-modulated receiver, 633-668 
Amplitude-modulated transmitter, 583- 
597 

Analyzers, set, 690-692 
Angle, of lag, 36-39 
of lead, 51-52 
phase, 36-39, 51-52 
of radiation, 624 
of reflection, 624-625 
of refraction, 624-625 
Anode, 158-159 
accelerating, 697 

Antenna, capacitive loading of, 613-614 
coupling to transmitter of, 617 
current in, 610 

current distribution on, 609-610 

current-fed, 617 

dipole, 611, 669 

directional, 614 

doublet, 611 

electrical characteristics of, 135-136 
fimdamental, 136, 608-610 
grounded, 611-613 
half-wave, 608, 611 
Hertz, 611 

impedance of, 609-610 
inductive loading of, 613-614 


Antenna, loop, 134-135, 643-644 
length of, 135, 608, 613-614 
Marconi, 611-613 
principle of, 605-606 
quarter-wave, 611-613 
radiation of, 606-608 
receiving, 132-136, 644, 669 
resistance of, 610 
transmitting, 604-614 
voltage distribution on an, 609-610 
voltage fed, 617 
Antenna array, 614 
Antilogarithm, 326-327 
A-power supply, 485 

Armstrong method of frequency modu¬ 
lation, 597-598, 603-604 
Audible, sound waves, 11-13, 320-324 
Audio-frequency, ranges of, 12, 320-321 
Audio-frequency, by-pass capacitor, 217- 
218 

Audio-frequency choke, 41, 349 
Audio-frequency oscillator, 692-693 
Audio-frequency power amplifiers, 392- 
439 

classification of, 392 
distortion in, 403-404, 421-423, 430- 
433 

graphical analysis of, 401-403, 412-421 
impedance matching in, 436-437 
maximum power output of, 400-403, 
415-417 

maximum undistorted power output 
of, 404-405 

negative feedback, 438-439 
parallel operation of, 424-425 
power amplification of, 400-403, 419- 
425 

push-pull operation of, 425-436 
(See also Amplifiers) 

Audio-frequency signal generator, 692- 
‘ 693 

Audio-frequency transformer, 45-46, 
360-364, 751 

Audio-frequency voltage amplifiers, 
classification of, 320 
decibel gain in, 327-332, 364-^865 
equivalent circuit of, 333-348, 350, 
357-358 

feedback amplifiers, 365-379 
impedance-coupled, 349-355 
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Audio-frequency voltage amplifiers, 
multistage, 364-365 
r-c-coupled, 332-349 

{See also Resistance-capacitance- 
coupled amplifier) 
regeneration in, 366 
requirements of, 320-324 
transformer-coupled, 355-360 
Audion, 5-6 
Autodyne, 230-231 
Automatic grid bias, 216-218 
Automatic resistance control resistor, 
28, 157-158 

Automatic tuning, 272-274 
Autgjnatic volume control, 233 238 
^delayed, 236-238 
, principle of, 233 
simple, 233-236 

B 

B-power supply, 485 

Balanced detector, 206 

Balanced feedback amplifier, 377 379 

Balanced modulator, 600-602 

Ballast resistor, 157-158 

Ballast tube, 28 

Band-pass amplifier circuit, 106-110, 
300-312 

effect of coeflUcient of coupling on, 107- 
110, 301-304 

ideal response curve of, 106-107, 301 
width of band pass in, 108-110, 301- 
304 

Band-pass filter, 93 
Band-stop filter, 93-95 
Band suppression filter, 93-95 
Band switching methods, 266-261 
Bands, 247-248, 253-264 
side, 679-583 
Bandspread, 261-268 
Bandwidth, of coupled circuits, 98-99, 
107-110 

of resonant circuits, 84-86 
Bank winding, 43 
Bar, 546 

Bare copper wire, table of, 743-744 
Battery, 486-486 

i Beam power tube, 186-187, 423-424 
action of, 186 
characteristics of, 186-187 


Beam power tube, distortion in, 421-423 
power rating of, 423-424 
Beat frequency, 226 
Bel, 327-328 
Bias, automatic, 216-218 
cutoff, 213-214 
fixed, 212-213 

grid, 161-163, 215-218, 281-283, 455- 
457 

grid-leak, 218-223 
self, 217 

Bias resistor, 216 
Bleeder current, 518 
Bleeder resistor, 518 
Blocking capacitor, 332-338 
Blocks, transposition, 620 
Bridge rectifier, 496-498 
Broadcasting, frequency range of, 16, 22, 
252-253 

operations in, 17-22 
Broadcasting channels, 247 248 
Buffer amplifier, 585 
Buffer capacitor, 530 
By-pass capacitor, a-f, 217-218 
filter action of, 147 
r-f, 147, 203-206 

C 

C-power supply, 485 
Cable, coaxial, 622-623 
Capacitance, calculation of, 48-49 
characteristics of, 48 
definition of, 48 

distributed, 43, 48, 61-62, 260-261 
effect of, in resonant circuits, 85-86 
and inductance, 85-86, 141-142, 768- 
769 

inherent, of circuit elements, 88 
interelectrode, of tubes, 178-180 
stray, 346 
units of, 49 

Capacitive coupling, 96, 692-593 
Capacitive reactance, 60-51 
Capacitor, a-f by-pa s, 217-218 
blocking, 332-338 
buffer, 530 
characteristics of, 48 
charging time of, 116-117 
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Capacitor, checker of, 707 
color code of, 748-749 
coupling, 96, 332 
decoupling, 380 
dielectric in, 48-50 
discharge of, 117 
electrolytic, 54-68 
equivalent circuit of, 88 
filter, 91-96, 642 
fixed, 53-58 
gang, 59, 270-271 
impedance of, 51 
line filter, 642 
losses of, 60 

mica-dielectric, 53, 748-749 
nonpolarized, 61 
oil-dielectric, 54 
padder, 265-267, 667-668 
paper dielectric, 53-54 
in parallel, 52-53 
plates of, 48-50 
polarized, 61 
reactance of, 50-51 
resistance of, 51-52, 88 
r-f by-pass, 147, 203-205 
in series, 52-63 
split-stator, 59, 271 
trimmer, 264-268, 664-667 
variable, 58-59, 248-250, 271 
voltage rating of, 61 

Capacitor-input filter, characteristics of, 
514 

output voltage of, 513 
regulation of, 513-514 
ripple voltage of, 510-613 
theory of, 510 

Capacitor microphone, 552-553 
Capacity (see Capacitance) 

Carbon microphone, 548-551 
Carbon resistor, 27, 31, 746-747 
Carrier swing, 582 
Carrier wave, 676 
Cathode, directly heated, 162-153 
indirectly heated, 163-154 
ionic-heated, 491 
oxide-coated, 162-154 
purpose of, 151-162 
Cathode-bias resistor, 216-217 
Cathode by-pass capacitor, 217 
Cathode connections, 154-157 


Cathode-ray oscilloscope, flyback time 
of, 701 

operation of, 702-705 
principle of, 699-700 
saw-tooth time base of, 701 
sweep generator of, 700-702 
synchronization of, 702 
Cathode-ray tube, accelerating anode 
of, 697 

electromagnetic deflection in, 699 
electron gun of, 696-697 
electrostatic deflection in, 698-699 
focusing in, 697-698 
focusing electrode of, 697 
fluorescent screen of, 698 
principle of operation of, 695-696 
type numbers of, 699 
Cathode-ray tuning indicator, 659-662 
C-bias detector, 210 
Center frequency, 582 
Channel, broadcasting, 247-248 
Chanalyst, 707-708 
Characteristic impedance, 91 
Charge, electric, 32, 48-49, 169-161, 491 
Checker, L-C, 707 
Choke coils, a-f, 41, 349 
distributed capacitance of, 62 
power supply, 41, 516-517 
r-f, 43 

Choke-input filter, characteristics of, 
517-518 

output voltage of, 517 
ripple voltage of, 614-617 
theory of, 614 
Circuit 0, 83-86 
(^ee also Q) 

Circuits, a-c, 68-83 
converter, 649-662 
coupling of (see Coupling) 
decoupling, 380-382 
ddayed-action, 110-120 
d-c, 63—68 

equivalent (see Equivalent circuits') 
filter, 89-96, 214-215, 506-618, 665 
oscillatory, 451-463 
power supply, 485-533 
resonant, 74-87 
sweep, 700-702 
tank, 462-467 
tuned, 79-83 
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Circulating current, 79 
Class A amplifiers, characteristics of, 
280-281 

distortion in, 283-287 
efficiency of, 407-410 
feedback in, 313-315 
grid bias for, 281-283 
intermediate-frequency, 300-312 
multistage, 312-315, 364-365 
operation of, 281-283 
parallel, 424-425 
phase reversal in, 161-163 
power amplification in, 400-403 
push-pull, 425-433 
radio-frequency, 291-3^5 
voltage amplification of, 287-291 
Class AB amplifiers, 279-280, 433-434 
Class B amplifiers, operation of, 179-280 
push-pull, 434-435 
Class C amplifiers, 279, 587-589 
Coaxial cable, 622-623 
Code, color, 746-751 
reception of, 224-225, 230-232 
Coefficient, of coupling, 35, 98-99 
calculation of, 35 
effect of, on response, 98-99 
effect of, on width of band pass, 
106-110, 301-304 

of temperature, of crystals, 472-473 
of thickness, of crystals, 473-474 
Coils, aiding, 39 
air-core, 43 

' a-c resistance of, 47-48 
choke, 41-43, 62, 349, 516-517 
high-frequency, 43 
impedance of, 37 
inductance of, 33-34 
iron-core, 41 
low-frequency, 41 
noninductively wound, 40-41 
opposing, 39 
plug-in, 264-256 
Qof, 43 

r-f tuning, 250-262 

shapes and types of, 33-34, 43 

shielding of, 47, 314-316 

skin effect in, 47 

uses of, 41, 4^ 

variable inductance, 39, 138 

voice, 666 


Coils, with variable coupling, 39, 138, 
301-304 

Cold-cathode tube, 531 
Color code, for a-f transformers, 751 
for i-f transformers, 751 
for loudspeakers, 750 
for mica capacitors, 748-749 
for power transformers, 751 
for resistors, 746-747 
Colpitts oscillator, 459-460 
Combination meter, 679, 684-685 
Common impedance, 379-380 
Communication, history of, 2-3 
types of, 1-2 
Complex coupling, 97-98 
Condenser (see Capacitor) 

Cone, loudspeaker, 555-556 
Contact-type microphones, 542-543 
Continuous wave, internipted, 224-225 
Control grid, 161-163 
Conversion efl&ciency, 646 
Conversion factors, 727-730 
Converter circuits, 649-652 
Contact rectifier, 493 
Copper-oxide rectifier, 493 
Copper wire table, 743-744 
Cosines, table of, 754-755 
Counterpoise, 613 
Coupled impedance, 99-106 
Coupled resistance, 102, 105 
Coupling, of band-pass circuits, 106-110, 
300-304 

capacitive, 96, 592-593 
coefficient of, 35, 96-99, 106, 110, 301- 
304 

complex, 97-98 

critical, 98-99, 109-110, 305-306 
direct, 96 

electron, 477-478, 649 
element of, 96-98 
impedance, 693-594 
indirect, 96-97 
inductive, 35, 96-97 
interstage, 692-694 
link, 694 
loose, 98-99 
methods of, 96-98 
mutual inductive, 99-106 
optimiun, 99 
principles of, 96 
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Coupling, response curves of, 98-99,106- 
110 

simple, 96-97 
tight, 98-99 
transformer, 99-110 
of tuned and untuned circuits, 106-110 
variable, 39-40, 138, 301-304 
Critical coupling, 98-99, 109-110, 305- 
306 

Critical inductance, 516 
Crosby system of frequency modulation, 
597-600, 602-603 
Cross modulation, 185 
Cross talk, 185 

Crystal, characteristics of, 471-474 
equivalent electrical circuit of, 474-476 
frequency range of, 479 
mounting of, 474-475 
power output of, 474 
Q of, 475-476 
quartz, 472-474 
Rochelle salt, 471 
safeguarding of, 474 
temperature coefficient of, 472-473 
thickness coefficient of, 473-474 
tourmaline, 471 
uses of, 470 

Crystal cuts, types of, 473 
Crystal detector, 142-144 
Crystal microphone, 551-552 
Crystal oscillator, 476-477 
Crystal pickup, 564^565 
Current, alternating (see Alternating 
current) 
antenna, 610 
bleeder, 518 
circulating, 79 
eddy, 47 
lagging, 36-39 
leading, 51-52 
plate, 158, 492 
saturation, 161 

Curves, a-f amplifier characteristics, 333- 
334, 350-352, 363-364, 370 
grid voltage vs. plate current, 166-171 
parallel-resonance, 81-83 
plate voltage vs. plate current, 166-169 
response, 98-99, 106-110, 246-247, 
269,301 
saturation, 159 


Curves, series-resonance, 79-81 
slope of, 80-84, 98- 110 
speech characteristics, 322 321 
universal time-constant, 117-119 
Cutoff bias, 213-214 
Cycle, 13 

D 

Decibel, 324 

use of, 327-332, 364-365, 545-548 
Decoupling, 365, 379-382 
Decoupling capacitor, 380 
Decoupling circuits, 380-382 
Decoupling factor, 380 
Decoupling resistor, 380 
Deflection, electromagnetic, 699 
electrostatic, 698-699 
Degenerative feedback (see Inverse feed¬ 
back) 

Delayed-action circuits, R-C circuits, 
114-117 

R-L circuits, 110-114 
universal time-constant curves for, 
117-119 

uses of, 119-120 

Delayed automatic volume control, 236- 
238 

Demodulation (see Detection) 
Demodulator (see Detector) 

Detection, 201-203 
double, 643 

Detector, autodyne, 230-231 
crystal, 142-144 
diode, 203-210 
distortion in, 213-215 
fidelity of, 202-203 
full-wave diode, 206-207 
function of, 131-132, 201 
grid-leak, 218-223, 
heterodyne, 224-228 
linearity of, 207 
plate, 210-218 
power, 223-224 
regenerative, 228-230 
second, 658 
sensitivity of, 202-208 
square-law, 223 
superregenerative, 231-232 
Deviation, frequency, 582-583 
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Deviation ratio, 683 
Dielectric in capacitor, 48-50 
Dielectric constant, 49, 746 
Dielectric strength, 746 
Diode, 158-161 
Diode detector, 203-210 
Diode rectifier, 490 
Dipole, 611, 669 
Direct-coupled amplifier, 298 
Direct coupling, 96 

Direct-current circuits, combination, 63- 
66 

Ohm's law for, 63 
parallel, 64-65 
parallel-series, 66-68 
power in, 63-68 
series, 63-64 
series-parallel, 65-66 
simple, 63 

Direct-current voltmeter, 680-681 
Direct inductive coupling, 96 
Directional antenna, 614 
Directly heated cathode, 152-153 
Discharge of a capacitor, 117 
Discriminator, 671-674 
Dissipation, 410-411 
Distortion, in amplifiers, 283-287, 370, 
403-404, 421-423, 430-433 
in beam power tubes, 421-423 
calculation of, 403-404, 421-423 
in Class AB amplifiers, 433 
' in Class B amplifiers, 434 
in detector, 213-215 
frequency, 370 
harmonic, 370, 403-404, 462 
modulation, 185 
nonlinear, 369 
in oscillator, 469-470 
in pentodes, 421-423 
phase, 369 

in push-pull amplifiers, 430-433 
Distributed capacitance, of choke coil, 
61-62 

effect of, 62, 260-261 
methods of reducing, 43, 48 
Distributed inductance, 88 
Distributed resistance, 88 
Divider, voltage, 518r-521 
Double-impedance-coupled amplifier, 353 


Double superheterodyne, 643 
Doubler, voltage, 498-502 
Doublet antenna, 611 
Drawing symbols, 711-720 
Dry-disk rectifier, 493 
Dry electrolytic capacitor, 56-58 
Dynamic characteristics of tubes, 165 
394-399 

Dynamic instability, 469, 585 
Dynamic loudspeaker, 556-560 
Dynamic microphone, 553-554 
Dynamic plate resistance, 168 

E 

Ear, 11 

Earphones, 144-147 
Eddy currents, 47 
Edison effect, 4, 150 

Efficiency, of Class A amplifiers, 407-410 
of Class AB amplifiers, 433 
of Class B amplifiers, 434 
of oscillators, 468-469 
plate, 407-410 
plate-circuit, 406-407 
of tank circuit, 463 
Electric charge, 32, 48-49 
Electrical length of lines, 614 
Electrode, focusing, 697 
Electrodynamic loudspeaker, 558-559 
Electrolytic capacitor, 54-58 
Electromagnetic deflection, 699 
Electromagnetic field, 605 
Electron-coupled oscillator, 477-478 
Electron coupling, 477-478, 649 
Electron emission, 4-5 
Electron gun, 696-697 
Electronic voltmeter, 686-688 
Electronics, applications of, 7-10 
Electron-ray tube, 659-662 
Electrostatic deflection, 698-699 
Electrostatic field, 605 
Electrostatic focusing, 697-698 
Emission, secondary, 180 
thermionic, 152-153 
Energy, stored by electric field, 49 
stored by magnetic field, 32 
stored in tank circuit, 465-467 
Equivalent circuit, of amplifiers (see 
Amplifiers, equivalent circuits of) 
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Equivalent circuit, of capacitors, 88 
constant-current form, 289-291 
constant-voltage form, 287-289 
of a crystal, 474-476 
of inductors, 88 
of resistors, 88 
Exciter, 686 

Exponents, use of, 731-732 
F 

Fading, 625 
Farad, 49 

Feed, single-wire, 623 
Feedback amplifiers, 313-315, 365-379, 
438-439 

advantages of, 365-366, 369-371 
balanced, 377-379 
equations for, 366-369 
limitations of, 372-373 
multistage, 375-377 
negative, 365-379, 438-439 
positive, 365-366 
power, 438-439 
principle of, 366-368 
Feedback factor, 368 
Fidelity, of amplifiers, 320-324 
of detectors, 202-203 
of receivers, 245-246, 630-632 
Filament-type tubes, 152-153 
Filter circuits, action of, 89-90 
band-pass, 93 
band-stop, 93-95 
capacitor-input, 510-514 
choke-input, 514-518 
high-pass, 92-93 
low-pass, 91-92 
m-derived, 95-96 
multisection, 90, 512-513 
operation of, 508-509 
pi-type, 90 
purpose of, 606-607 
regulation of, 613-614 
resistor-capacitor, 95-96 
r-f, 214-215 

for ripple voltage, 507-508, 511-615 
scratch, 565 
terms for, 90-91 
types of, 91-96, 509-510 
T-type, 90 


Fixed bias, 212-213 
Fixed capacitor, 53-68 
Fixed resistor, 27 
Fleming valve, 4, 151 
Fluorescent screen, 698 
Flyback time, 701 
Focusing electrode, 697 
Formulas, summary of, 733-742 
Frequency, beat, 226 
quenching, 231 

ranges of, 16, 252-253, 320-324, 479 
of resonance, 75-76, 78 
resting, 582 
ripple, 507 

Frequency deviation, 582 
Frequency distortion, 370 
Frequency-modulated receiver, 668-674 
antenna for, 669 
block diagram of, 668-669 
discriminator of, 671-674 
limiter of, 671 
r-f section of, 670 

Frequency-modulated transmitter, 697- 
604 

(See also Transmitter) 

JFrequency modulation, 577, 581-583, 
^ 597-604, 668-674 

Frequency multiplier, 479 
Frequency response of microphones, 543 
, y'Frequcncy stability of oscillator, 469-470 
Full-wave detector, 206-207 
Full-wave rectifiers, 494-496 
Fundamental antenna, 136, 608-610 

G 

Gang capacitor, 59, 270-271 
Ganged tuning, 270-272 
Gas regulator tube, 531-533 
Generator, harmonic,* 479 
saw-tooth, 700-702 
signal, 692-695 

Graphical analysis, of dynamic charac¬ 
teristics of a vacuum tube, 394-400 
of oscillator, 465-457 
of power amplifiers, 412-421 
of push-pull amplifiers, 426-429 
of static characteristics of a vacuum 
tube, 163-171 
Greek alphabet, 722-723 
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Grid, action of, 161, 182-184 
screen, 177-180 

Grid bias, 161-163, 215-218, 281-283, 
455-457 

Grid-bias modulation, 589-500 
Grid-cathode capacitance, 178 
Grid detection, 218-223 
Grid excitation, 468 
Grid keying, 584 
Grid-leak bias, 218-223 
Grid-leak-capacitor detector, 218-223 
Grid modulation, 589-590 
Grid-plate capacitance, 178 
Grid-plate transconductance, 1/0-172, 
177, 181, 184, 186 

Grid voltage vs. plate current, 106-171 
Ground wave, 623 624 
Grounded antenna, 611-613 

H 

Ilalf-wave antenna, 608, 611 
Half-wave rectifier, 493-494, 496 
Harmonic analysis, 421-423 
Harmonic distortion, 370, 403-404 
{See also Distortion) 

Harmonic generator, 479 
Hartley oscillator, 457-458 
Heising method of modulation, 590 
Henry, 32 
Heptode, 188 
Hertz antenna, 611 
Heterodyne detector, 224-228 
High-frequency choke, 43 
High-frequency range, 43 
High-frequency resistance, 47-48 
High-level modulation, 589 
High-pass filter, 92-93 
Homs, types of, 555, 559-560 

I 

Image-frequency signals, 653 
Impedance, of antenna, 609-610 
calculation of, 37, 51 
characteristic, 91 
common, 379-380 
coupled, 99-106 

matching of, 436, 547—548, 620-623 
in parallel resonant circuit, 78-79 


Impedance, plate-to-plate, 430 
reflected, 99-106 
in scries resonant circuit, 76 
of transmission lines, 617-619, 621 
Impedance-coupled amplifier, audio-fre¬ 
quency, 349-355 
characteristics of, 349-350, 355 
circuit action of, 349 
double-impedance, 353 
parallel-plate feed of, 353-355 
radio-frequency, 293-295 
voltage amplification of, 350-353 
Impedance coupling, 593-594 
Indicator, tuning, 659-662 
Indirect coupling, 96-97 
Indirectly heated cathode, 153-154 
Induced voltage, of mutual inductance, 
35-36 

principles of, 32-33 
of self-inductance, 32-33 
Inductance, calculation of, 32-36 
and capacitance, 85-86, 141-142, 758- 
759 

characteristics of, 32 
of coils, 33-34 
critical, 516 
distributed, 88 

effect of, in resonant circuits, 85-86 
mutual, 34-36 
self, 32-34 
unit of, 32 

Inductance coils {see Coils) 

Induction, of coil, 33-34 
in field, 32 
magnetic, 32 

Inductive coupling, 35, 96-97 
Inductive reactance, 36-39 
Inductors, checker of, 707 
equivalent circuit of, 88 
in parallel, 39 
in series, 39 

Inherent capacitance of circuit, 88 
Instability, dynamic, 469, 585 
Ii^terelectrode capacitance, 178-180 
j, fiitermediate-frequency amplifiers, 300- 
^ 312 

alignment of, 665-666 
characteristics of, 652-658 
circuits of, 300-312 
equivalent circuit of, 304-312 
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Intermediate-frequency amplifiers, selec¬ 
tivity of, 301-304, 654 
in superheterodyne receivers, 636, 653- 
658, 665-666 

transformer for, 46, 301-304, 751 
color code for, 751 
values of, 304, 653 
voltage amplification of, 304-312 
Interpolation, of logarithms, 326 
Interrupted continuous wave, 224-225 
Interstage coupling, 592-594 
Inverse feedback, 365 

{See also Negative feedback ampli¬ 
fiers) 

Inverse peak voltage, 492 
Inverter, phase, 435-436 
Ionic-heated cathode, 491 
Ionization, 491-492 
Ionosphere, 624 
Iron-core coils, 41 

K 

Kennelly-Heaviside layer, 624 
Keying, methods of, 584 
Kilocycles, 15 

L 

Lag, angle of, 36-39 
Lagging current, 36-39 
L~C checker, 707 
LC product, 141-142 
LC ratio, 85-86 
LC tables, 758-769 
Lead, angle of, 51-52 
X^eading current, 51-52 
Letter symbols, 721-726 
Limiter, 671 

Line filter capacitor, 642 
Line rectifier, 524-526 
lines, load, 394-396, 419-421, 430-433 
long, 614-615 
resonant, 615-619 
short, 614-615 

{See dUo Transmission lines) 
link coupling, 594 
lip microphone, 543 
liti wire, 48 


Load lines, 394-396, 419-421, 430-433 
Ix>ad resistor, 337 
Ix>cai oscillator, 645 
Logarithms, 324-327, 756-757 
Ix)ktal base tubes, 189 
Ix)op antenna, 134-135, 643-644 
Loose coupling, 98-99 
Loudspeaker, color code for, 760 
cone of, 555-556 
electrodynamic, 558-559 
horns for, 555, 559-560 
magnetic, 555-556 
p-m dynamic, 557-558 
Low-frcquency coils, 41 
Ix)w-level modulation, 589 
Low-pass filter, 91-92 

M 

M-derived filters, 95-96 
Magnetic loudspeaker, 555-556 
Magnetic pickup, 563-564 
Magnetic wire recorder and reproducer, 
565-566 

Marconi antenna, 611-613 
Master oscillator power amplifier, 584- 
585 

Mathematical symbols, 723 
Maximum power output, 400-403, 416- 
417 

Maximum power transfer, 400-403 
Maximum undistorted power output, 
404-406 

Measuring instruments, ammeter 679- 
680 

combination meter, 679, 684-685 
electronic voltmeter, 686-688 
ohmmeter, 683-684 
output meter, 686-686 
rectifier-type, 681, 
vacuum-tube voltmeter, 688-690 
voltmeter, 680-681, 686^90 
Mica capacitor, 53, 748-749 
Microfarad, 49 
Microhenry, 32 
Micromho, 171 

Microphone, air-pressure t 3 rpes, 641-642 
carbon, 648-661 
capacitor, 662-663 
contact, 642-648 
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Microphone, crystal, 551-552 
dynamic, 553-554 
frequency response of, 543 
lip, 543 

moving-coil, 553-554 
range of pickup of, 544-545 
rating of, 545-548 
reference level of, 545-546 
ribbon, 554-555 
sensitivity of, 543-544 
throat, 543 

transformer of, 549-550 
velocity of, 554-555 
Microphonics, 631 
Mixer, 644-645 

Modulated wave, amplitude, 577-581 
frequency, 581-583 
Modulating amplifier, 586 
Modulation, amplitude, 577-581 
cross, 185 

frequency, 577, 581-583, 597-604, 668- 
674 

grid, 589-590 
high-level, 589 
low-level, 589 
per cent of, 578-579 
phase, 577 
plate, 590-592 
Modulation-distortion, 185 
Modulation envelope, 577-578 
Modulator, balanced, 600-602 
reactance-tube, 598-600 
Moving-coil microphone, 553-554 
Mu (see Amplification factor) 

Multiband receivers, 254-261 
Multielectrode tube, 188 
Multiphase rectifier, 503-504 
Multiple-stage tuning, 268-270 
Multiples and submultiples, table of 
727-730 

Multiplier, frequency, 479 
voltage, 498-503 
voltmeter, 682-683 
Multipurpose tubes, 188-189 
Multisection filter, 90, 512-513 
Multistage amplifier, 312-315, 364-365, 
375-377 

Multistage tuning, 268-270 
Multivibrator, 447, 702 
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Mutual conductance {see Trans-conduct¬ 
ance) 

Mutual inductance, 34-36 
Mutual inductive coupling, 99-106 

N 

Negative feedback amplifiers, 365-379, 
438-439 

advantages of, 365-366 
balanced, 377-379 
current-controlled, 375 
distortion in, 369-370 
limitations of, 372-373 
multistage, 375-377 
stability of, 371 
voltage-controlled, 373-375 
Negative resistance oscillator, 447-448 
Noise, in receivers, 631 
microphonic, 631 
shot effect, 631 
thermal-agitation, 631 
Noninductive winding, 40-41 
Nonlinear distortion, 369 
Nonpolarized capacitor, 61 
Nonresonant lines, 621 
Nonsynchronous vibrator, 528-529 
Numbering of tubes, 191-194 

O 

Octal base tube, 191-192 
Octode, 188 
Ohmmeter, 683-684 
Ohm^s law, for a-c circuits, 68-70 
for d-c circuits, 63 
Optimum coupling, 99 
Oscillator, amplifier action of, 449 
analysis of, 453-455 
audio-frequency, 692-693 
classification of, 447-449 
Colpitts, 459-460 

constant voltage supply for, 469-470 
crystal, 476-477 
distortion in, 469-470 
effect of Q in, 462-463 
efficiency of, 468-469 
electron-coupled, 477-479 
excitation voltage of, 468 
frequency multiplier, 479 
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Oscillator, frequency stability of, 469-470 
graphical analysis of, 455-457 
grid bias of, 455-457 
harmonic, 479 
harmonic distortion in, 462 
Hartley, 457-458 
local, 645 

multivibrator, 447, 702 

negative resistance, 448 

operation of, 455 

padder capacitor for, 667-668 

parallel-feed, 458-459 

power output of, 468 

r-f, 693-695 

relaxation, 447 

series-fed, 457 

stability of, 461, 469-470 

sweep, 700-702 

tank circuit in, 462-467 

tri-tet, 480 

tuned-grid timed-plate, 460-462 
uses of, 446-447 
Oscillatory circuit, 451-453 
Oscilloscope, 699-705 
cathode-ray tube for, 695-699 
linear sweep circuit of, 700-702 
operation of, 702-705 
patterns of, 703 
uses of, 705 
Output meter, 685-686 
Output transformer, 436-438 
Oxide-coated cathode, 152-154 

P 

Padder capacitor, 265-267, 667-668 
Paper capacitor, 53-54 
Parallel a-c circuits, 72-73 
Parallel d-c circuits, 64-68 
Parallel-feed amplifiers, 353-356 
Parallel-feed oscillators, 458-459 
Parallel inductors, 39 
Parallel operation, of amplifiers, 424-425 
of rectifier tubes, 504r-505 
Parallel resonant circuit, 77-79 
curves of, 81-83 
Peak inverse voltage, 492 
Peak plate current, 492 
Peak value of alternating current, 492 
Pentagrid converter, 648-652 


Pentode, 182-184 

action of suppressor grid in, 182-184 
amplification factor of, 184 
characteristic curves of, 183-184 
distortion in, 421-423 
plate resistance of, 184 
power rating of, 423-424 
transconductance of, 184 
Pentode amplifier, 289-291 
Permanent-magnet dynamic loudspeaker, 
557-558 

Phase angle, 36-39, 51-52 
Phase distortion, 369 
Phase inverter, 435-436 
Phase modulation, 577 
Phase relations in an amplifier, 161-163 
Phonograph pickup, crystal, 564-565 
magnetic, 563-564 
Pi-type filter, 90 
Piezoelectric effect, 471 
Pin numbering of tubes, 191-193 
Plate, characteristic curves of, 166-171 
load resistor of, 337 
of vacuum tube, 158-159 
Plate-cathode capacitance, 178 
Plate-circuit efficiency, 406-407 
Plate current, 158, 492 
Plate detection, 210-218 
Plate dissipation, 410-411 
Plate efficiency, 407-410 
Plate keying, 584 
Plate modulation, 590-592 
Plate resistance, a-c, 168 
of beam power tubes, 186 
dynamic, 168 
of pentodes, 184 
of tetrodes, 181 
of triodes, 168-169, 172 
Plate saturation, 161 
Plate-to-plate impedance, 430 
Plug-in coil, 254-256 
Polarization of radio waves, 611 
Polarized capacitor, 61 
Positive feedback, 365-366 
Potentiometer, 29-31 
Power, amplification of, 400-403, 419- 
425 

calculation of, in a-c circuits, 69-73 
calculation of, in d-c circuits, 63-68 
maximum output of, 400-405, 415-417 
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Power, maximum transfer of, 400-403 
maximum undistorted output of, 404- 
405 

Power amplifier, 278, 392-439, 587-589 
{See also Amplifiers) 

Power detector, 223-224 
Power factor, 69-70 

Power output, Class A amplifier, 400-405 
Class AB amplifier, 433 
Class B amplifier, 434 
Class C amplifier, 588 
maximum, 400-405, 415 -417 
of oscillator, 468 

Power rating, of bcani pow(!r tube, 423- 
424 

of pentodes, 423-424 
Power sensitivity, 411-412 
Power supply choke, 41, 516-517 
Power supply circuits, 485-533 
a-c/d-c, 524-528 
battery, 485-486 
bleeder current in, 518 
bleeder resistor in, 518 
capacitor-input filter, 510-514 
choke-input filter, 514-518 
components of, 521 
filters for, 506-518 
multiphase, 503-504 
output voltage of, 522-523 
rectifiers, 490-493 
rectifier circuits, 493-506 
regulation of, 513-514, 523-524, 531- 
533 

transformer, 44, 487-490, 751 
transformerless, 524-528 
types of, 487 
vibrator, 528-531 
voltage divider for, 518-521 
voltage doubler, 498-502 
voltage multiplier, 498-503 
voltage regulated, 531-533 
Preselector, 644 
Pressure microphone, 541-542 
Pressure reference level, 546 
Propagation of radio waves, 623-627 
Public-address amplifier, 408-409, 566- 
568 

Public-address system, 568-570 
Push-button tuning, 272-274 


Push-pull amplifier, 425-436 
Push-pull transformer, 438 

Q 

Q, coil, 43 
circuit, 83-86 
definition of, 77, 83 
effect of, on impedance of parallel 
resonant circuit, 78-79 
on current in parallel resonant cir¬ 
cuit, 79 

on slope of resonance curves, 83-84 
on voltages of series resonant circuit, 
77 

on wave form of oscillator output, 
462-463 

on width of band pass in amplifiers, 
108-110 

on width of resonance curves, 84-85 
effective, of coupled circuits, 295 
of oscillator circuits, 462-463 
of quartz crystal, 475-476 
of tuned amplifier, 295 
Quality factor {see Q) 

Quarter-wave antenna, 611-613 
Quartz crystal {see Crystals) 

Quenching frequency, 231 
Quiescent value, 396 

R 

Radiation, angle of, 624 
explanation of, 606 
Radiation field, 606 
Radiation resistance, 606-608 
Radio channel, 247-248 
Radio circuit, development of, 6-7 
Radio communication, basic electrical 
principle of, 2 
early history of, 2-3 
Radio frequency, ranges of, 16, 252-253 
Radio-frequency amplifiers. Class A, 291- 
315 

Class C, 587-589 
classification of, 291 
equivalent circuit of, 293-294, 296- 
297, 298-300 

impedance coupled, 293-295 
of power, 587-589 
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RadiO'frequency amplifiers, regeneration 
in, 314-315 

resistance-capacitance-coupled, 296- 
298 

transformer-coupled, 298-313 
tuned, 291-295 

tuned primary and tuned secondary, 
300-312 

untuned, 295-298 

untuned primary and tuned secondary, 
298-300 

voltage, 278-279, 291-315 
Radio-frequency by-pass capacitor, 147, 
203-205 

Radio-frequency choke, 43 
Radio-frequency filters, 214-215 
Radio-frequency oscillator, 693-695 
(See also Oscillators) 

Radio-frequency signal generator, 693- 
695 

Radio-frequency transformer, 46 
Radio-frequency tuning coil, 250-252 
Radio receivers, a-c/d-c, 658-659 
alignment of, 662-668 
all-wave, 25^-261 
amplitude-modulated, 633-668 
antennas for, 132-136, 644, 669 
automatic tuning in, 272-274 
automatic volume control in, 233-238 
bandspread in, 261-268 
band switching in, 256-261 
block diagram for a-m, 633-638 
block diagram for f-m, 668 
broadcast band of, 247-248 
characteristics of, 630-631 
code, 224-225, 230-232 
comparison of a-m and f-m, 631-633 
crystal, simple, 132 
fidelity of, 245-246, 630-632 
frequency-modulated, 668-674 
functions of, 131-132 
ganged tuning in, 270-271 
multiband, 254r-261 
noises in, 631 
operations of, 17-22 
selectivity of, 245, 268-270, 630 
sensitivity of, 245, 630 
short-wave bands of, 253-254 
signal-to-noise ratio of, 631 
stability of, 630-631 


Radio receivers, superheterodyne, 642- 
659, 665-668 

(See also Superheterodyne receiver) 
testing of, 677-688 
tone control of, 642 
tracking, 271-272, 662-663 
tuned-radio-frequency, 637-642, 663- 
665 

tuning indicator of, 659-662 
volume control of, 638 
Radio waves, amplitude-modulated, 577- 
578 

analysis of, 576-577 
definition of, 623 
fading of, 625 
frequency of, 13-17 
frequency-modulated, 581-582 
ground wave, 623-624 
polarization of, 611 
propagation of, 623-627 
reflection of, 624 
refraction of, 624 
short, 252-254 
sky wave, 624-625 
speed of, 13 
types of, 577 
wavelength of, 13-17 
Reactance, capacitive, 50-51 
inductive, 36-38 

Reactance-tube modulator, 598-600 
Receivers (see Radio receivers) 

Receiving antenna, 132-136, 669 
Receiving tube characteristics, chart of, 
760-773 

Recording, 560-566 
crystal pickup for, 564-565 
magnetic pickup for, 563-564 
magnetic-wire, 565-566 
Rectifier, contact, 493 
copper-oxide, 493 
dry-disk, 493 

Rectifier circuits, bridge, 496-498 
diode, 490 
filters for, 506-518 
full-wave, 494-496 
half-wave, 493-494, 496 
line, 524-526 
multiphase, 503-504 
parallel operation of, 504-505 
regulation of, 513-514 
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Rectifier circuits, selenium, 493, 505-506 
transformer, 493-506 
vibrator, 528-531 
voltage doubler, 498-502 
voltage multiplier, 498 503 
voltage tiiplor, 502 
Rectifier tubes, 490-492, 526 527 
Rectifier-type meter, 681 
Reference level, pressure, 546 
zero, 331-332 

Reflected impedance, 99-105 
Reflected resistance, 105 
Reflection, angle of, 624-625 
Refraction, angl(‘ of, 624-625 
Regeneration, in a-f amplifiers, 365 
bias-detector, 228 230 
in r-f amplifiers, 314-31*> 

Regenerative detector, 228-230 
Regulation of power supply, 513-514, 
523-524, 531-533 
Regulator tubes, 531-533 
Relaxation oscillator, 447 
Remote cutoff tube, 184-186 
Resistance, a-c, of capacitor, 51-52, 88 
of coils, 47-48 
of tube, 168 
antenna, 610 
coupled, 102, 105 
distributed, 88 

effect of, on tuned circuits, 82-83 
high-frequency, 47-48 
measurement of, 677-678, 683-084 
plate {see Plate resistance) 
radiation, 606-608 

Resistance-capaci tan ce-cou pled ampli fier, 
audio-frequency, 332-349 
balanced-feedback, 377-379 
characteristics of, 333, 348-349 
circuit action of, 332-333 
decoupling of, 379-382 
design data chart, 774-776 
equivalent circuit of, 333-348 
feedback, 365-379 
negative-feedback, 368-360, 373-379 
power amplification of, 400-403, 419- 
425 

radio-frequency, 296-298 
resistance and capacitance values for, 
336-338 

voltage amplification of, 338-348 


Resistance-capacitance-coupled amplifier, 
wide-band, 670 

Resistance-capacitance filter circuits, 95- 
96 

Resistors, adjustable, 27 
automatic resistance control, 28, 157- 
158 
bias, 216 
bleeder, 518 
carbon, 27, 31, 746-747 
classification of, 27-29 
color code for, 746-747 
decoupling, 380 
equivalent circuit of, 88 
fixed, 27 
load, 337 

power rating of, 28-29 
taper of, 30-31 
tapped, 28 
tolerances of, 746 
uses of, 28 
variable, 27 

voltage-divider, 518-521 
wire-wound, 27, 31 

Resistor-capacitor filter circuits, 95-96 
Resonance, curves of, 79-84, 98-110 
definition of, 74 
frequency of, 75-76, 78 
Resonant circuits, calculation of, 75-79 
classification of, 74-75 
currents in, 79 

effect of capacitance in, 85-86 
effect of inductance in, 85-86 
effect of Q in, 77-79 
effect of resistance in, 81-83 
impedance of, 76, 78 
parallel, 77-79 
series, 75-77 
use of, 86-87 
voltages of, 77 
width of curve, 84-85 
Resonant line, 615, 617-619 
Response curves, 98-99, 106-110, 246 
247, 269, 301 
Resting frequency, 582 
Rheostat, definition of, 29 
uses of, 30 

Ribbon microphone, 554-555 
Ripple, allowable, 508 
cdculation of, 507, 511-513 
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Hippie, per cent of, 507-508, 511-513 
Ripple factor, 507 
Ripple frequency, 507 
Ripple voltage, 507, 510-517 
Rochelle salt' crystal, 471 

S 

Saturation current, 161 
Saturation curve, 159 
Saw-tooth generator, 700-702 
Scratch filter, 565 
Screen, fluorescent, 698 
Screen dissipation, 410-411 
Screen grid, 177-180 
Second detector, 658 
Secondary emission, 180 
Selectivity, of receivers, 245, 268-270, 
630 

of tuned amplifiers, 106-110, 301-304, 
654 

Selector switch, 257 
Selenium rectifier, 493, 505-506 
Self bias, 217 
Self inductance, 32-34 
Sensitivity, of detectors, 202-203 
of microphones, 543-544 
power, 411-412 
of receivers, 245, 630 
Series a-c circuits, 70-72 
Series d-c circuits, 63-68 
Series’fed oscillator, 457 
Series inductors, 39 
Series resonant circuit, 75-77 
curves of, 70-81 
Set analyzers, 690-692 
Shielding, in amplifiers, 314-315 
of coils, 47, 314-315 
Short waves, bands of, 253-254 
characteristics of, 253 
frequency ranges of, 252-253 
Shot effect, 631 
Sh\mt, ammeter, 681 
Shimt feed {see Parallel feed) 

Side bands, in amplitude modulation, 
679-581 

in frequency modulation, 583 
Signal generator, audio-frequency, 692- 
693 

radio-frequency 693-695 


Signal-to-noise ratio, 631 
Signal tracing, 678-679 
Signal wave, 577 
Silicon detector, 143 
Simple coupling, 06-97 
Simple d-c circuits, 63 
Sine wave, 68 
Sines, table of, 754-755 
Single dial control, 270-272 
Single-ended tube, 189 
Single-wire feed, 623 
Skin effect, 47 
Skip distance, 625 
Sky wave, 624-625 
attenuation of, 624 
path of, 624-625 
refraction of, 624 
skip zone of, 625 
Slope of resonance curves, 83-84 
effect of coupling on, 98-110 
effect of Q on, 83-84 
effect of resistance on, 80-83 
Smoothing choke, 514 
Socket, connections, 191-193, 761-763 
Solenoid, inductance of, 34 
Sound, audible characteristics of, 320-322 
effect of frequency elimination on, 322- 
323 

frequency range of, 12-13, 320-324 
intensity of, required, 323-324 
measurements of, 327-332 
on wire, 565-566 
units of, 324 

Sound wave, 10-13, 320-324 
Space charge, 159-161, 491 
Spacing of wires, 619-620 
Spectrum, 16 

Speech amplifier, characteristics of, 320- 
324, 586 

Speed of radio waves,, 13 
Split-stator variable capacitor, 59-60,271 
Spurious responses, 654-658 
Square-law detector, 223 
Stability, ofiamplifiers, 371 
of oscillators, 461, 469-470 
of receivers, 630-631 
of transmitters, 585 
Standing waves, 609, 615-617 
Static characteristics of vacuum tubes, 
163-171 
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Stray capacitance, 345 
Submultiples and multiples, table of, 
727-730 

Summary of equations, 733-742 
Superheterodyne receiver, alignment of, 
666-668 

amplitude-modulated, 642-659 
antenna for, 643-644 
block diagram of, 636-637 
conversion efficiency in, 646 
converter of, 644-652 
double detection in, 643 
first detector of, 645 
frequency-modulated, 668-674 
image frequency of, 653 
image ratio, 653 

intermediate frequencies in, 653-654 
intermediate-frequency amplifier of, 
300-312, 636, 652-658, 665-666 
local oscillator of, 645 
mixer in, 645 
preselection in, 644 
principle of, 642-643 
second detector of, 658 
spurious response in, 654-658 
typical circuit of, 655, 658-659 
Superregenerative detector, 231-233 
Suppression filter, band, 93-95 
Suppressor grid, 182-184 
Sweep circuit, 700-702 
Swinging choke, 517 
Switching, band, 256-261 
v4;^mbols, drawing, 711-720 
letter, 721-726 
mathematical, 723 
vacuum-tube, 188, 725-726 
Synchronous vibrator, 529-530 

T 

T-type filters, 90 
Table, of abbreviations, 721-726 
of bare copper wire, 743-744 
of color code, for a-f transformer leads, 
751 

for capacitors, 748-749 
for i-f transformer leads, 751 
for loudspeaker leads, 750 
for power supply transformer leads, 
751 


Table, of conversion factors, 727-730 
of cosines, 754-755 
of dielectric constant, 745 
of dielectric strength, 745 
of drawing symbols, 711-720 
of formulas commonly used in radio 
and electronics, 733-742 
of frequency and wavelength, 758-759 
of Greek alphabet, 722-723 
of LC product, 758-759 
of letter symbols, 721-726 
of logarithms, 756-757 
of mathematical symbols, 723 
of multiples and submultiples, 727-730 
of sines, 754-755 

of vacuum-tube letter symbols, 725- 
726 

Tank circuit, amplitude stability of, 462 
analysis of, 463-464 
efficiency of, 463 
energy stored in, 465-467 
wave shape of, 462-463 
Taper, of resistors, 30-31 
Tapped resistors, 28 

Temperature coefficient, of crystals, 472- 
473 

Testers, tube, 705-707 
Testing radio receivers, purpose of, 677 
resistance-measurement method of, 677 
signal-tracing method of, 677-679 
voltage- and current-measurement 
method of, 677 
Tetrodes, 177-182 
action of screen grid in, 177-180 
amplification factor of, 181 
characteristic curves of, 180-181 
plate resistance of, 181 
transconductance of, 181 
Thermal agitation, 631 
Thermionic emission, 152-153 
Thickness coefficient, 473-474 
Thoriated filament, 152 
Three-circuit timer, 229 
Throat microphone, 543 
Tight coupling, 98-99 
Time constant, 110-119 
for capacitance and resistance, 114-117 
for inductance and resistance, 110-114 
universal curves of, 117-118 
Time-delay circuits, 110-120 



804 


ESSENTIALS OF RADIO 


Tone control, 642 
Tourmaline crystals, 471 
Tracking, 271-272, 662-663 
TRF receiver, 637-642 
alignment-of, 663-665 
block diagram of, 633-636 
Transoonductance, of beam power tubes, 
186 

of pentodes, 184 
of tetrodes, 181 
of triodes, 170-172, 177 
Transfer characteristic curves, 167, 170 
Transformer, audio-frequency, 45-46, 
360-364 

color code for, 751 
coupling by, 99-110 
impedance ratio of, 437 
intermediate-frequency, 46, 301-304, 
751 

microphone, 549-550 
output, 436^38 

power supply, 44-45, 487-490, 751 
push-pull, 438 
radio-frequency, 46 
turns ratio of, 44-45 
variable-coupling (i-f), 301-304 
voltage ratio of, 44-45 
Transformer-coupled amplifier, audio¬ 
frequency, 355-360 
characteristics of, 356 
connections of, 355-356 
equivalent circuit of, 299, 357-358 
feedback, 313-315 
negative feedback with, 376-377 
radio-frequency, 298-313 
transformer for, 360-364 
voltage amplification of, 299, 305, 356- 
360 

Transformer rectifier circuits, 493-506 
Transformerless power supply units, 524- 
528 

advantages of, 524-526 
characteristics of, 527-528 
rectifier tubes for, 526-527 
Transmission lines, coaxial, 622-623 
electrical length of, 614 
feeding an antenna with, 617 
impedance of, 617-619, 621 
length of, 620 
long, 614-615 


Transmission lines, nonresonant, 621 
resonant, 615, 617-619 
short, 614-615 
single-wire, 623 
spacing of wires of, 619-620 
standing waves on, 615-617 
transposition blocks for, 620 
twisted-pair, 621-622 
two-conductor, 619-621 
types of, 619 

wavelength along, 615-617 
Transmitter, amplitude-modulated, 583- 
597 

block diagram of, 585-587 
buffer amplifier of, 585 
dynamic instability of, 585 
grid modulation in, 589-590 
high-level modulation in, 589 
interstage coupling in, 592-594 
low-level modulation in, 589 
operations of, 17-22, 585-587 
plate modulation in, 590-592 
r-f power amplifier of, 587-589 
frequency-modulated, 597-604 
Armstrong system for, 597-598, 603- 
604 

balanced modulator of, 600-602 
block diagram of, 587, 602-604 
Crosby system for, 597-600, 602-603 
reactance-tube modulator in, 598-600 
Transmitting antenna, 604-614 
Transposition blocks, 620 
Tri-tet oscillator, 480 
Trigonometry, 752-753 
Trimmer capacitor, 264-268, 664-667 
Triode amplifiers, 287-289 
Triodes, 161-177 
action of control grid in, 161-163 
amplification factor of, 167-168, 172 
characteristic curves of, 163-167 
plate resistance of, 168-169, 172 
transconductance of, 170-172, 177 
voltage amplification per stage, 172- 
175 

Tripler, voltage, 502 
Tubes, acorn, 190-191 
ballot, 28 

ba4se connections, 191-193, 761-763 
beam power, 186^188, 423-424 
cathode-ray, 695-699 
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Tubes, characteristics of, chart of, 760-773 
code numbering of, 191-194 
cold-cathode, 631 
converter, 648-651 
development of, 4-6 
diode, 158-161 

dynamic characteristics of, 165, 394- 
399 

electron-ray, 659-662 
filament-type, 152-153 
gas-filled, 531-533 

interelectrode capacitance of, 178-180 
loktal base, 189 
microphonics in, 631 
multielectrode, 188 
multipurpose. 188-189 
numbering systems, 193-194 
octal base, 191-192 
pentode, 182-186 
(See also Pentodes) 
pin numbering of, 191-193 
plate resistance of, 168-169, 172, 181, 
184, 186 

rectifier, 490-492, 526-527 
regulator, 531-533 
remote cutoff, 184-186 
single-ended, 189 
static characteristics of, 163-171 
symbols of, 188, 725-726 
testers of, 706-707 
tetrode, 177-182 
(See also Tetrodes) 
triode, 161-177 
(See also Triodes) 
variable-mu, 184-186 
voltage drop of, 490-492 
voltage regulator, 631-533 
Tuned circuit, 79-83 
Tuned-grid tuned-plate oscillator, 460- 
462 

Tuned-radio-frequency amplifiers, 291- 
312 

Tuned-radio-frequency receivers, 637- 
642, 663-665 
Tuner, three-circmt, 229 
two-circuit, 139-141 
Tuning, alignment methods, 272, 663 
automatic, 272-274 
bandspread, 267-268 
ganged, 270-272 


Timing, multiple-stage, 260-270 
variable capacitance, 138-139 
variable inductance, 136-138 
Tuning coil, r-f, 250-252 
Tuning indicator, 659-662 
Turns ratio of transformer, 44-45 
Twisted-pair lines, 621-622 
Two-circuit tuner, 139-141 
Two-conductor lines, 619-621 

U 

Ilndistorted power output, 404-405 

Unit, volume, 331-332 

Universal time-constant curve, 117-118 

V 

Vacuum tube (see Tubes) 

Vacuum-tube voltmeter, 688-690 
Valve, Fleming, 4, 151 
Variable capacitance tuning, 138-139 
Variable capacitor, 58-60, 248-250, 271 
straight-line-capacity, 248-249 
straight-line-frequency, 260 
straight-line wavelength, 249 
Variable coupling, 39-40, 138, 301-304 
Variable inductance coil, 39, 138 
Variable inductance tuning, 136-138 
Variable-mu tube, 184-186 
Variable resistor, 27 
Variometer, 138 
Vectors, 38-39, 51-52 
Velocity microphone, 564-665 
Vibrator, nonsynchronous, 528-529 
synchronous, 629-630 
Vibrator power supply units, 628-531 
characteristics of, 530-531 
filters, 530 

operation of, 528-530 
Voice coil, 556 
Voltage, alternating, 68 
amplification of, 172-175, 287-291, 
304-312, 338-348, 360-353, 366- 
360, 364-365 

amplification constant of (see Amplifi¬ 
cation factor) 

grid vs. plate current, 166-171 
induced, 32-36 
peak inverse, 492 
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Voltage, plate, vs. plate current, 166-169 
of resonant circuits, 77 
ripple, 507, 510-517 

Voltage amplifiers, 276-279, 291-315, 
332-382 

Voltage divider, 518-521 
Voltage doubler, 498-502 
Voltage feed for antennas, 617 
Voltage multiplier, 498-503 
Voltage regulation, 513-514, 523-524, 
531-533 

Voltage regulator tube, 531-533 
Voltage tripler, 502 
Voltmeter, alternating-current, 681 
direct-current, 680-681 
electronic, 686-688 
multiplier for, 682-683 
output meter, 685-686 
vacuum-tube, 688-690 
Volume control, 638 
automatic, 233-238 
Volume imit, 331-332 

W 

Wave, amplitude-modulated, 577-581 
carrier, 576 

frequency-modulated, 581-583 
ground, 623-624 
incident, 615 


Wave, interrupted continuous, 224-225 
polarized, 611 
propagation of, 623-627 
radio, 13-17 
(See also Radio waves) 
reflected, 615 
short, 252-254 
sine, 68 
sky, 624-625 
sound, 10-13, 320-324 
standing, 609, 615-617 
types of, 577 

Wave band, 247-248, 253-254 
Wave forms, 131 

Wavelength, calculation of, 13-17 
definition of, 14 
spectrum of, 16 

along transmission lines, 615-617 
Width of band pass, 108-110, 301-304 
Width of frequency band, 84-85 
Winding, coil, 40-43 
Wire recorder, 565-566 
Wire table, 743-744 
Wire-wound resistors, 27, 31 
Working voltage, of capacitors, 61 

Z 

Zero reference level, 331-332 






